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The Public Interest Energy Research (PIER) Program
Environmental Area

The Public Interest Energy Research (PIER) program was created following the
deregulation of California’s electricity service industry (1996 Status, Chapter 854,
hereinafter referred to as Assembly Bill (AB) 1890).  Article 7 of AB 1890 was enacted to
ensure that the benefits obtained from important public purpose programs, such as
public interest energy research, development, and demonstration (RD&D), would not
be lost in the newly deregulated environment.  California’s electric investor-owned
utilities collect $62 million annually from electricity ratepayers to fund the PIER
program.  In September 2000, the Legislature passed, and Governor Gray Davis signed
into law, Senate Bill (SB) 119 (Sher) and AB 995 (Wright), which extended the PIER
Program surcharge to January 2012.

The PIER Program is organized in six PIER Program funding areas:

1. Residential and Non-Residential Buildings End-Use Energy Efficiency
2. Industrial/Agricultural/Water End-Use Energy Efficiency
3. Renewable Energy Technologies
4. Environmentally Preferred Advanced Generation
5. Energy-Related Environmental Research
6. Energy Systems Integration

Each of  these areas funds and cond ucts ene rg y-r elate d rese ar ch in the publ ic inter est, for 
the benefi t of Cal if ornia ci tizens.

The Pub lic Inte rest Ene rgy  Rese arch Ene rgy -Related  Envi ronme ntal Resear ch ar ea
(otherw ise  call ed the PI ER En viron men tal  Area, or PI EREA) is re sponsibl e for  ad dre ssing 
the environmental impacts and bene fi cial use s of ele ctr ici ty  in Cali for nia. As def ined by
the PIE R str ate gic plan, the overall  mi ssi on of  the PIE REA  i s to:

De ve lop cost-ef fecti ve approaches to evaluating  and resolving envi ronme ntal
ef fe cts of  ener gy pr oducti on, deli ve ry,  and use  in Cali for nia, and  explore  how
ne w ene rgy  appl icati ons and products can sol ve envir onmental  pr obl ems.
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1. Background and Overview
Climate change is no longer a hypothetical or distant possibility—it is occurring, and is
likely to have a profound impact on human society and the natural environment over
the coming decades. Climate change and its impacts on a global scale are the focus of an
intense, broad-based international research effort in the natural and social sciences.
Understanding the nature and potential consequences of climate change on regional
scales, however, and for California in particular, is a challenge we have just begun to
meet. This research plan has been prepared by the California Energy Commission to
contribute to California’s intensifying efforts to understand how climate change will
affect the state’s social, economic and natural systems, and to help provide policy-
makers with the knowledge and tools they need to anticipate and plan for these
impacts.

This opening section of the research plan discusses the role of CEC’s PIER program in
climate-related research, summarizes the development process for this plan, outlines
the relations between PIER and other state agencies in conducting climate change
research, and summarizes key benefits of the research proposed here.

1.1 The PIER Role in Climate Change Research
The scientific and analytical study of climate change and its potential impacts on
California’s economy and natural environment is one of the many areas of focus for the
Energy-Related Environmental Research area of the PIER group (PIEREA). This
PIEREA Climate Change Research, Development, and Demonstration Plan was prepared by
PIEREA to provide a comprehensive vision of how it intends to support climate change
research in California.

There are three primary reasons for a major PIER research effort on climate change.
First, electricity generation in, or for import into, California is a major source of
greenhouse gas (GHG) emissions. Therefore, PIEREA, according to its mission, must
undertake climate change research at the state level, to evaluate and suggest means of
mitigating the climate-related effects of electricity. Second, there is a high likelihood
that climate change will have a significant, direct impact on the consumption of
energy—and particularly electricity—in California because of changes in temperatures
within the state. Accordingly, PIER must investigate how the state can prepare for and
adjust to these changes in electricity demand. Third, by altering precipitation patterns
across the West, climate change is likely to affect the supply and cost of hydropower,
which represents about 20% of in-state electricity generation. Thus, it is necessary for
PIER to determine how to accommodate these hydropower impacts, in order to
maintain reliable and affordable energy flows to California’s households and businesses
in the context of a changing regional climate.

The research proposed in this Plan will build upon the long-standing contribution of
the California Energy Commission (Commission) to climate change policy formulation
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in California.  In 1988, the California Legislature (Assembly Bill 4420, Sher) directed the
Commission to begin a study of the potential impacts of global warming trends on the
state’s energy supply and demand, economy, environment, agriculture, and water
supplies, and to develop policies for reducing these impacts. The Commission prepared
a report in cooperation with other concerned state agencies and submitted this report to
the Legislature on November 1991 (CEC 1991).  Similarly, in 1997, the Commission staff
prepared for the U.S. Environmental Protection Agency an inventory of GHG emissions
and an evaluation of potential policies and strategies for reducing GHG emissions in the
state (California Energy Commission 1998).  Recently, SB 1771 and its subsequent
revisions require, among other things, that the Commission update the statewide GHG
emission inventory every five years and “…convene an interagency task force
consisting of state agencies with jurisdiction over matters affecting climate change to
ensure policy coordination for those activities.”  This bill also requires the Commission
to establish a climate change advisory committee to make recommendations to the
Commission on the most equitable and efficient ways to implement any national or
international requirement on climate change (CEC 1998).  There is a need for a strong,
unbiased climate change research program that informs the policy debate without
advocating a particular position on any issues.  PIER climate change research will strive
to play this role, which is in accordance with the PIER program’s legislative mandate
and in agreement with the adopted mission of the PIEREA area.

1.2 Development of the PIER Climate Change RD&D Plan
Research on global climate change and its social and economic impacts is a very active
and expanding focus at many universities, government agencies, and other institutions
around the world. However, relatively little of this work addresses the significant
scientific or policy questions related to climate change that are of unique importance to
California. PIER is currently funding several studies that address climate change as it
relates to California, to begin building the knowledge base needed by state policy-
makers. (These studies and their implications for this plan are described subsequent
sections.) To help determine how to expand upon and extend this work, PIEREA
commissioned research roadmaps on various topics related to climate change, to
identify research gaps that would be important to the state but would most likely not be
addressed by existing national and international research efforts. Technical experts on
climate change issues or closely related areas prepared these roadmaps with input from
a large group of researchers from a range of disciplines.

The roadmaps are expansive, in the sense that they cover research topics well beyond
those that could be addressed feasibly by the PIER program, but they were developed
to identify and prioritize research areas based on their overall importance and relevance
to PIEREA goals.  The breadth of the roadmaps also allows the PIER program to more
easily identify areas of common interest with other research programs. In some cases,
other research entities are using these roadmaps to identify research opportunities.  For
example, the California Department of Water Resources (DWR) is using the roadmap
on water resources to identify preliminary areas of work on climate change for



3

inclusion in the 2003 State Water Plan.  The DWR plan is a major effort undertaken
every five years that, for the first time, will take into account climate change concerns.
The California Assessment Report (Wilkinson et al. 2002) also used these roadmaps to
suggest research priorities to the national research program on climate change.

Although this research plan is based primarily on the roadmaps commissioned by the
PIER program, the limited funds available for the implementation of the PIER program
on climate change are not sufficient to fund all the research needs identified in the
roadmaps. Thus, this plan identifies the areas of research that have been selected as
priorities for PIER research funding according to the criteria of: (1) relevance to PIER
objectives (i.e., concerning the energy sector), (2) likelihood of generating scientifically
and/or policy-relevant results within no more than four-to-five years, (3) potential
applicability to California policy-making related to climate change, (4) technical quality
and potential to advance scientific understanding, (5) potential to generate “co-benefits”
(i.e., in science or policy not directly related to climate change), (6) likelihood of
eventually securing co-funding from other agencies, and (7) the clear need for state
support to reach the level of funding necessary to address these issues adequately.  The
Pl an emphasi zes the fol low ing themes: cooper ati on wi th other  ag encie s when cond ucting
re se arch; conce ntr ation on proj ects that wil l achi eve multiple benef its and are  poli cy
re le vant; ad vancement of sci ence and  knowl ed ge;  and ide nti fi cation of “no re gre ts”
opportunitie s, whi ch ar e actions that bene fi t Cali forni a eve n in the  ab sence  of cl imate 
change consi der ati ons.

The following is a list of the roadmaps and the technical experts responsible for their
preparation:

• Ecol ogi cal  I mpacts of a Changing Cli mate ( Re becca Shaw,  Stanfor d U niver sity) 
• The Eff ect of Glob al  Cl imate  Chang e on Cal if ornia Water  Re sources (Maur ice  Roos,

Cali for nia D epartment of Water Resource s)
• The Economics of Cli mate Change  Mi ti gation and Adaptati on in Calif or nia (A lan

H.  Sanstad , Law rence  Be rke le y N ati onal Lab or atory) 
• Mode ling Reg ional Cl imate Chang e in Cal ifornia (Larr y Gate s,  Lawre nce

Li ve rmore National  L aborator y)
• De ve loping  Gree nhouse Gas Suppl y Cur ves for In- State  Sources (Mike  Rufo,

Xe ne rgy , I nc.)
• Carb on Seque str ati on in Cali for nia’s Te rre strial Ecosystems and  Ge ol ogi c

Formati ons (Ed Vine,  Unive rsity of  Cali for nia, Off ice of the  Pr esi de nt and  Mark 
Wi lson,  Consultant)

These experts benefited from generous input from technical representatives of multiple
state agencies (i.e., the California departments of Water Resources, Food and
Agriculture, Forestry and Fire Protection, and the Air Resources Board); researchers
from the University of California, California State University, and other universities;
national laboratories; environmental groups; federal agencies; the Electric Power
Research Institute; electric utilities; California irrigation districts; the California Climate
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Registry; and the United States Global Change Research Program.  The roadmaps are
available from the California Energy Commission as separate documents. PIEREA may
commission the preparation of additional roadmaps in other areas, such as the study of
the potential impacts of climate change on public health, agriculture, and forested areas.
This work will be conducted with the full cooperation with the relevant state agencies.

In addition to identifying priority areas for PIER funding, this document considers the
interactions among different research areas to produce a comprehensive research plan.
It presents a relatively long-term research agenda (20 years), but it focuses on the
research activities that should be funded in the next two years. Individual products will
be generated on a continuous basis, but PIEREA’s goal is to produce an integrated
report in four or five years, after all the elements identified in this plan have been
executed. The plan is a living document that will be revised and updated regularly to
reflect continuing scientific progress. In addition, since one of the goals of this plan is to
identify policy-relevant research, this plan will be updated as needed to consider policy
developments at the state, national, and international levels.

1.3 Coordination and Cooperation with Other State Agencies
A number of research activities are in progress at various state agencies that, while in
most cases undertaken for other reasons, have implications for understanding climate
change and possible policy responses.  For example, the California Air Resources Board
(ARB) efforts to understand the formation, transport, and deposition of aerosols (small
particles) in the air is of relevance for climate change research, because aerosols are
important drivers of climate change at the regional and global levels (Hansen 2001,
Menon 2002).  Aerosol research could have significant implications for climate policy
because it indicates that black carbon (i.e., soot) should be considered a contributor to
global warming; further confirmation of this finding would suggest that measures to
reduce its atmospheric concentrations could be folded into climate change mitigation
efforts. Similarly, the forest inventory work of the California Department of Forestry
and Fire Protection is directly relevant to any efforts designed to estimate the amount of
carbon stored in terrestrial ecosystems in the state.  Other state agencies (e.g., the
Department of Food and Agriculture and Department of Water Resources), state-federal
partnerships such as CALFED, and funding programs such as the Kearney Foundation
of Soil Science are also conducting climate-change-relevant studies that must be
considered in the preparation and implementation of any research plan on climate
change for the state.

As noted earlier, PIEREA is also already funding some studies on climate change and
has engaged different state agencies on these studies.  For example, technical staff from
the Department of Water Resources (DWR) and the Department of Food and
Agriculture have provided invaluable technical support for a study being conducted by
researchers with the University of California at Davis looking at the potential impacts of
climate change on water resources and hydropower production in particular.  In fact,
DWR will consider this study in the preparation of its 2003 State Water Plan.
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PIER’s role in climate change research will be one of cooperation and coordination with
other state and federal agencies, research programs, and funding agencies to avoid
duplication of efforts, to leverage limited resources, and to ensure the production of
high-quality, policy-relevant research for California and the nation.  PIEREA will fulfill
this role by seeking the input of different stakeholders in the execution of this research
plan, and by organizing regular scientific workshops and conferences on climate change
where the work funded by PIEREA and others will be presented, with the goal of
sharing results and seeking cooperation.  PIEREA will continue to work with other state
agencies to develop joint research projects as much as possible, as has been done so far
with the California Department of Forestry and Fire Protection (CDF) and DWR.
Finally, PIEREA will actively seek cooperation with other research programs and
funding agencies to enhance research on climate change in California.  For example,
PIEREA is currently in contact with the Kearney Foundation, the National Oceanic and
Atmospheric Administration (NOAA), and the U.S. Department of Energy (DOE) in
order to develop projects of common interests that are also compatible with this
research plan.

1.4 Key Benefits
The research outlined in this plan is an interrelated group of projects whose ultimate
benefits not only address climate change issues in California, but also improve the
overall health and vitality of the state’s citizenry, environment, and economy. Some
projects yield these benefits directly; whereas, others serve as inputs to other efforts
that deliver direct benefits. All research efforts were evaluated on their ability to deliver
benefits beyond those associated with climate change.

The lists below identify some key benefits in each subject area. Each topic’s subsection
in Section 3 discusses benefits in more detail.

Climate Change Sensing and Modeling
• Gr eatly  impr ove d and  compr ehensive  unde rstanding of lik ely  regi onal cli mate

changes that wi ll af fect Cal iforni a’ s hydr ol ogy , agr iculture , and natur al ecosy ste ms
• Be tter snow- level forecasting and de tection of sub tl e climatic chang es
• Impr ove d mod els base d on hig her -qual ity  and mor e compre hensi ve data
• Be tter und er standi ng  of  ener gy consumption patterns and  cl imate , includ ing  the

ef fe cts of  urbanization
• Standar dization of  mode ling protocol s

Impacts of Climate Change on California Water Resources
• Improved understanding of important hydrological processes and capacity for early

detection and interpretation of climate change signals
• Projections of the impacts of climate change on the availability of water for

agricultural, urban, industrial, recreational, and environmental purposes in
California
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Impacts of Climate Change on Ecological Resources
• Increased representation (in dynamic vegetation models) of interactions among

critical ecosystem factors, improving understanding of the impacts of climate change
on each factor and of the interrelated systems

• Enhanced capability for identifying and interpreting ecological trends

Carbon Sequestration in Terrestrial Ecosystems and Geological Formations
• An economi c assessme nt of forestry  and agr icultural soi l car bon se questration

strateg ies to help deci sion mak ers prioritize those str ate gi es,  and also to hel p
ag ri cul tur al  and f or estry speci ali sts allocate resource s among compe ting alternati ve s

• A compr ehe nsive  unde rstand ing of the  fe asi bi lity and  economi c factor s involved in
bi oe ner gy use in Cal iforni a,  and potential  solutions for ove rcoming bar rie rs to the use 
of  b ioe ner gy  in the state

• Id entif icati on and  quantif icati on of  the feasib ili ty , economics, and  potenti al of various
strateg ies for seque ste ring car bon in geol og ical for mations,  to he lp de cision make rs
pr ioritize  opti ons

Inventory Methods and Supply Curves
• Accurate data in a form that researchers can use to improve estimates of energy

consumption and CO2 emissions from the combustion of fossil fuels in California,
and for use in economic analyses

• Standardized methods to estimate non-CO2 emissions, based on more
comprehensive, California-focused data

The Economics of Climate Change Mitigation and Adaptation in California
• A first assessment of the possible aggregate economic impacts of climate change and

GHG policy on California, and analytical and empirical benchmarks for further
study

• An integrated modeling framework for incorporating results of PIEREA research on
water and agriculture, energy demand, technological change, and other key areas

• Tools to enable California policy-makers to develop robust strategies in response to
uncertain climate, economic, and technological change

• Impr ove d und erstandi ng of the costs and  be ne fits of increase d ener gy  ef ficie ncy  in
re ducing GHG emissions in Calif ornia

• Identification of multi-GHG reduction strategies that could also generate air quality
benefits, at a lower overall cost

• Asse ssment of pote ntial  for reg ional  GHG trading mar kets i n Cal ifornia

1.5 PIEREA Climate Change Research Plan Organization
This research plan is organized as follows: Section 1 has outlined PIER’s role in climate
change research, the plan’s development process, and key research benefits. Section 2:
Climate Change and California provides a brief overview of facts regarding global climate
change, key mechanisms of climate change in California, possible impacts, and a profile
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of the state’s GHG emissions. Section 3: PIEREA Research Agenda and Benefits outlines
PIEREA’s proposed research activities and the benefits that will accrue from their
implementation. Section 4: Bibliography lists the references used to prepare this plan.
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2. Climate Change and California

2.1 From Global to Regional Climate Change
Ther e is now  a broad  scienti fic consensus that the  glob al cl imate is chang ing in way s that
ar e lik ely  to have  signifi cant socioeconomic conse quences,  and that the se chang es wi ll
continue and  pr obabl y inte nsify  through the twe nty -f irst centur y. Cl imate  change research
fi nd ing s have been detaile d by the  authori tative Internati onal Panel  on Cl imate  Change
(I PCC).  In its Thi rd Assessment Re port (TA R), rele ased in 2001,  the IPCC concluded  that
the increase  in the global  aver age  surf ace  temperature dur ing the tw entieth centur y “…i s
li ke ly to have bee n the  larg est of  any century dur ing the past 1,000 ye ars.” Moreove r, the 
mode ling studie s consid ere d by the  I PCC pr oj ect that this te mpe ratur e wi ll  incre ase b y 1.4
to 5.8° C ( 2. 5 to 10. 4°F ) ove r the pe riod 1990 to 2100.

Ther e is also mounti ng evi de nce  that ob ser ve d glob al  cl imate  chang e is due  substanti all y
to human activi tie s—spe cif icall y the  emissions of gr eenhouse  gases (GHGs) such as
carb on dioxi de,  me thane , and  ni trous ox ide . The  IPCC Se cond Assessme nt Repor t (SAR), 
re le ase d in 1995, indicate d that “The balance of evi dence…sugge sts a di sce rnabl e human
influence on gl obal cli mate. ” (I PCC 1995).  T he TAR contains a much stronge r conclusi on: 
“T he re is ne w and stronger  evid ence that most of the  warmi ng  ob ser ve d over  the last 50
ye ar s i s attrib utabl e to human activiti es” (I PCC 2001). A recent r eport pr epared  b y the U. S.
Nati onal Academy of Sci ence at the  request of the Bush Administration conf ir ms thi s
fi nd ing  (N ational Re search Council  2001).

Stud ies of  the pal eocli matic re cor d ind icate d a li nk  be twe en chang es in the atmosphe ric
concentrations of GH Gs and  changes in climate. Fig ur e 1 show s how ambie nt
concentrations of carbon dioxid e (CO2),  the most important GHG,  in the atmosphe re  have
changed  in the last 400 thousand years.   T he  incre ase of fossil  fuel  consumption since the 
industr ial  revolution has re sul ted  in a rapi d incr ease of atmosphe ri c concentration of thi s
gas.   I n fact, twe ntieth centur y concentrati ons ar e the  hi ghest in the last 400 thousand
ye ar s, as il lustrate d i n the  fi gur e. 

The results of ong oi ng sci entif ic re search are rei nf orcing  the concl usi ons of the TA R. For 
ex ample , sci entists from Scr ipps Instituti on of  Oceanog raphy  re centl y anal yzed data that
was col lecte d since 1950 on change s in oce an te mpe ratur es at de pths up to 3, 000 me ters,  to
de te ct and  attr ibute  ob ser ve d climate change s (B ar nett, David  et al. 2001) . The resulting 
re port concl ude s that “the  obse rve d oce an heat- conte nt chang es are  consistent with those
ex pe cte d from anthropog eni c for cing,  which broadens the  basi s for cl aims that an
anthropoge ni c signal  has b ee n d ete cted in the g lob al  cl imate  sy ste m. ” ( ib id .). 
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More ove r, re cent studie s of the  unce rtainty in proje cte d potential  changes of aver ag e
gl ob al tempe rature s dur ing  the coming century sugg est that the resul ts repor ted  in the
TA R may  unde rstate  the possi bil ity  of strong  warmi ng  (Knutti , Stocke r et al.  2002). The
ne w results,  ob tai ne d maki ng  sy ste matic changes to the mod el  parameters (w ithin
pl ausib le range s) while  ensuring that the model ing  results are sti ll  consi stent wi th the
re ce nt obser ved  warming , ind icate a hig her  l ike lihood of war ming i n the  uppe r e nd of  the
rang e reported by the IPCC, whe n emi ssi ons are as pr oje cte d in the  “B1” SRES scenari o
(N ak ice novic 2000) .1

Indeed, research at the frontiers of atmospheric science, on the underlying mechanisms
of the climate system, is providing even greater reason for concern regarding the
potential character of climate change in the coming decades. Until quite recently,
virtually all research on climate change—both scientific and socioeconomic—has
focused on scenarios of gradual, smooth shifts, primarily as measured by long-run
equilibrium increases in mean global surface temperature. There is, however, growing
attention within the scientific community to the possibility that increased
concentrations of GHGs may induce abrupt and discontinuous shifts in the climate
system on much shorter time scales (National Research Council 2002). Recent scientific
evidence shows that widespread major changes in climate have occurred in our planet
and that these changes took place with startling speed (i.e., decades or even years). The
socio-economic impacts of abrupt climate change would almost certainly be much
greater than those of gradual, long-run shifts.

                                                       
1 The B1 scenario in the IPCC’s Special Report on Emissions Scenarios emphasizes “…a high level of
environmental and social consciousness combined with a globally coherent approach to a more sustainable
development.”
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In movi ng fr om a global  to a re gional scal e,  the possib ili ty  of  ab rupt cli mate chang e
be comes even more salie nt.  Unde rstanding of global  climate  trends does not dire ctl y
tr anslate to the reg ional scale  that is of  concern for Cal if ornia,  and reg ional  cl imate 
mode ling and  analy si s i s much l ess deve loped  than gl obal. Our abil ity to for ese e pre cisely 
how global  climate  change wi ll impact Cali forni a’s climate  is accord ing ly li mited. 
Howe ver , the  character of cl imate chang e i n Cal ifornia may  b e much more  in the natur e of
ab rupt shi fts, gre ater var iabil ity , and  an incr eased  numbe r of “ex tr eme  events” such as
dr oughts and  fl ood s than the  long- run smooth chang es in tr ends that have bee n the focus
of  much gl ob al- level  analy si s. Mor eover , anthropog enically  induced  climate  change
af fe cti ng Calif ornia di rectl y will  both be  supe rimposed  upon, and inter act with, exi sti ng
natural  patterns and  variati on in the regi onal cli mate.  For the se re asons,  anti cipating 
Cali for nia-specifi c cli mate change  impacts is more  a chall enge of assessing risks and
unce rtaintie s than of maki ng  speci fi c pred ictions.  Neve rthel ess, enough is unde rstood
re gardi ng the regi onal cli mate to anticipate  possibl e impacts, and in cer tai n cases,  re late
them to pr esent day tre nds. The se issue s are  di scussed in the f oll ow ing  se ction.

2.2 Pathways of Climate Change in California
As noted above, climate change in the coming century will probably not happen slowly,
whether at the global or the regional scale. The observed and reconstructed climate
record is replete with examples of how various climate elements have shifted suddenly
and strongly. We can expect the climate to undergo a rich variety of changes in the next
century, as natural changes add to (and perhaps interact with) changes brought on by
anthropogenic climate change. From either source, however, it is important to recognize
that California’s complex natural and socioeconomic systems are already susceptible to
climate variability and change with climatic events such as El Niño (described below),
floods, mudslides, coastal erosion, droughts, fires, and heat waves affecting the state’s
economy and quality of life. This section will discuss some of the factors that affect
California’s climate and the effect that the climate has on weather patterns in the state.
For a more  thor ough ove rvi ew  of  the observed  and projected  i mpacts of climate change  on
Cali for nia, consul t Conf ron tin g Cli mat e Change in Cali forni a (F ie ld,  Dail y e t al.  1999) , Cl im ate
Chan ge Impacts on the Unit ed St ates (U SGCRP 2001), and Prepari ng for a Chan gin g Cli mat e:
The Pot ent ial Consequen ces of Clim at e Variabili ty an d Change: Cali forni a (Wi lki nson et al. 
2002).

California’s proximity to the Pacific Ocean, the long axis of the state (which straddles
latitudes from just beyond the subtropics northward to the temperate latitudes), and its
diverse topography (which produces a variety of drastically different microclimates)
combine to produce a unique climate with complex weather patterns.2 Because of this

                                                       
2 For clarification, the term climate pertains to the aggregate distribution of the weather at a given locale, including its statistical
properties such as averages and extremes. Weather consists of the day-to-day events such as sun, rain, fog, warm, cold, and wind.
Although climate can vary from year to year, we expect some state weather trends (i.e., warmth in the summer and rain in winter)
to be relatively predictable. However, growing evidence is showing that those expectations may no longer be as valid as they
once were.
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complexity, large-scale Pacific/North American atmospheric patterns could respond
and adjust to global climate change in a variety of ways.

Th e Effect  o f L arg e- scale Ocean ic an d A tmo sp heric Ci rcu lat io ns on Cl imate

Tw o general oscill ations of the  ocean and atmosphe re  strongl y affe ct Calif or nia’s cl imate
and weathe r,  and the ref ore , its habi tats and  ecosy stems: the El  Ni ño/Southern Osci ll ati on
(E NSO) and  the Pacif ic Decad al Oscil lation ( PDO) ( Wi lki nson et al.  2002).

The El Niño is a weakening  of the tr ade  wi nd s and warmi ng of  the sur face lay ers of  the
eastern and central Pacifi c Oce an.  This ef fe ct occur s on ave rag e about eve ry  2 to 7 years, 
and typicall y lasts about 6 to 18 months (Cayan 2002). An El  Ni ño is accompanie d by
sw ings in the Southe rn Oscil lation ( SO) , a seesaw of  high and l ow pr essure  i n the southern
Paci fic Ocean. Duri ng the  warm tr opical Pacifi c (El  Ni ño)  phase of ENSO, the winter time
Al eutian low  sy ste m tends to ex pand,  so that north Paci fic stor ms ar e displaced 
southward and the southern part of  the weste rn Uni te d States, incl ud ing  Souther n
Cali for nia, has incr eased li kel ihood  of  he avy precipitation,  where as, the Pacif ic Northwest
te nd s to be dri er.   Nor the rn Calif or nia is not rel iably  we t or dry  duri ng most El Ni ño
events,  al thoug h i t see ms to be wet dur ing  very  larg e E l N iños.   T he  We st Coast, e speci all y
the Pacifi c Nor thw est, has a gr eater  li kel ihood  of  havi ng a  mild  to warm wi nter season
duri ng El Ni ños (Cay an 2002) .

The PDO is a longe r,  de cad al  phenome non, whi ch features a re cur ring patter n of oce an-
atmosphere  climate  vari abi li ty that is cente red  in the north Paci fi c Ocean.  It can be
de scrib ed as an El  N iño-li ke patte rn wi th a much l onger  ti me be twe en the d if fer ent phases
of  the oscil lation.  The PDO events per sist for  ab out 20 to 30 years, r ather  than EN SO’ s 6 to
18 months (Mantua 2001).  T he two most re ce nt rever sal s of the  PD O occurr ed  in 1947 and
1977, and there  ar e some ind ications that it may have reve rsed itsel f to a cold  phase in the 
last fe w years (Mantua, Har e et al.  1997;  Hare  and Mantua 2000), as show in Fi gur e 2
be low.
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The war m phase of the PDO is characteri zed  by relati vel y cool sea surface te mpe ratur es
(SST s) in the w ester n and ce ntr al North Paci fic, w hi ch coi ncide  wi th unusual ly war m SST s
cl ose to the  we st coast of  North Ame rica (Mantua 2001). Chang es of  the PDO fr om one
state to anothe r produce wid espread ecolog ical chang es (Eb be sme yer  1991), such as the
de cl ine  in salmon popul ati ons in Washington,  Or egon,  and Cal iforni a that occurr ed af ter 
1977 (Mantua, H are  et al. 1997)  unde r the warm phase  of  the PDO.  A recent stud y of tre e-
ri ng  recor ds in Cali for nia and Nor thern Me xi co shows a close  corre lation betwee n the se
re cords and the  PD O (B iondi , Ger shunov e t al. 2001) .  F or thi s reason, the  tr ee -ri ng re cor ds
we re  used as a proxy  to esti mate change s in the  PD O state prior to the  histori cal
pe ri od—extending the  re cor d for  a pe riod of about 400 year s.  The data sugg est the
cond iti ons in the tw entieth centur y wer e unusual in compar ison with the  pr ior 300 ye ars’
data. The di ffe rence s may be  the result of  anthropog eni c gre enhouse war ming or just a
re sult of natur al variabil ity ( ibi d. ) .

Fi gure 3 pre sents the time seri es of  an inde x (i.e .,  se a sur face temper ature  at the equator
cl ose to the  Galapag os Isl ands)  that is used  to tr ack the evolution of El Ni ño eve nts.

It is important to note  that in the last 100 ye ars, two of  the most intense El Niño eve nts
occurre d i n 1982 and  1997.   After 1977,  PD O was in i ts war m phase,  w hich hel ped  ampl ify 
these El Niño events (Ger shunov and Bar ne tt 1998) . Fi gur e 3 also show s that duri ng these 
tw o extreme El Niño eve nts the PDO was also in its warm phase, ampli fyi ng the seve ri ty
of  these two El  Ni ño events.   Some  mode ling results usi ng gl obal cir cul ati on model s have
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sugg ested that cli mate chang e will  result in more fr equent and intense El Ni ño eve nts
(T immer mann 1999, Fe der ov and Phil ander  2000) but there  is stil l no def ini ti ve conse nsus
on this matter (F ed orov and  Philand er 2000) .  More  fr equent and  intense  El  Ni ño events
coul d have  serious i mpl icati ons for Cal ifornia,  incr easing  the numbe r and se verity  of high-
pr ecipi tation events wi th re sul tant eff ects on flood ing .  What is al so troub lesome is that
some  scienti sts be li eve  that gl obal war ming may  mani fest itself  in mode s of natural
cl imate  vari ability,  which may incre ase  the difficul ty in de tecting the  cl imate  change sig nal
(at least at the r eg ional le vel ) ( Palme r 1999). 

In creased Su rface Temperat ures

The U.S. National Re search Council ’s (N RC)  Committee  on the Sci ence of Cli mate Chang e
conf irmed that,  “Gre enhouse gases ar e accumulating  in Earth’ s atmospher e as a result of 
human acti vi tie s, causi ng surface ai r temper atures and sub surface ocean te mperatur es to
ri se . T emper atures are,  in f act, r ising .”3

Much data has show n that global  me an surface  ai r temper ature s have  rise n dur ing  the
tw entie th ce ntury.   The  di ur nal  te mperatur e profil es, howe ve r, have not incr eased
unif ormly.   On a global  scal e, dai ly  mi nimum te mpe ratur es ar e incr easing at a faster  rate
than maximum daily  temperatures (E aster ling,  Horton et al.  1997).  I n Cali forni a, a similar
tr end ( i.e.,  more warmi ng at ni ght and dur ing spri ng ) for the peri od  fr om 1951 to 1997 was
ob se rve d for  the Napa regi on.  Thi s small incre ase  in temper atures resulte d in about a 20- 
day red uction i n f rost occur rences and a incre ase  of the gr owi ng se ason l ength.  So far, this
change has been be ne ficial  to grape grower s,  and has incre ased the  qual ity  of the wi ne
pr od uce d in thi s reg ion, but further  warmi ng  may result in an incr ease of fungal and 
ve ctor- bor ne  di sease  outbr eaks (N emani , Whi te et al . 1999).

As Cali for ni a expe ri ences cl imate chang e, some extre me eve nts, lik e the  fr equency of  he at
wave s and ve ry heavy  pr eci pi tation, are  expe cte d to increase . Wide spread, ex tended 
                                                       
3 National Research Council. 2001. Climate Change Science: An Analysis of Some Key Questions, Committee on the Science of
Climate Change, Division on Earth and Life Studies, National Academy Press, Washington, D.C. (http://www.nap.edu).
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pe ri ods of  extr eme ly  hi gh te mpe ratur es (such as unpr ece dente d high nightti me 
te mperatur es) are al so expected  to become more fre quent. Hig her  te mperatur es le ad to
hi gher rates of  evaporation and  pr ecipi tation, so as the E ar th war ms, ther e should  b e more 
pr ecipi tation. It is li kel y to fal l ove r shorte r intervals of time , the reb y increasi ng the 
fr equency of  very he avy  and extreme pre cipitati on events (I PCC 1996; Easter li ng,  Me ehl e t
al . 2000; Ki m 2003). 

Ch an ges in  t he Timin g o f t he Si erra Nev ada Runo ff

The last thr ee decad es have see n a r educti on in the por tion of the annual runoff that occurs
duri ng spr ing and early  summer in hi gh- ele vation str eams in Cal ifornia (Roos 1990;
De tting er,  Ghil , e t al.  1995).  Al so, the ti ming of the  fi rst major snowme lt–runof f pul ses has
come  earli er  (Cay an 2001) . This shi ft se ems to be cor rel ate d with change s in the  warm
phase of PDO in the late 1970s,  but it may  also be  associate d with a potenti al long- ter m
warming  of  the landmass in North Ame rica. As di scussed above , climate change  that
occurs as the result of  incr eased GH Gs in the atmospher e may  al so be  al ter ing the
fr equency and ampl itude  of  larg e-scale oce an-atmospheri c oscill ati ons such as the PD O
and ENSO.  F or the se  re asons, it is unclear how  much of  the observed  chang es in the
ti mi ng of the Sier ra Ne vad a runoff  is attr ibutable  to natural  vari abi li ty and  how much is
attr ibutab le  to a warmi ng pl ane t.  Changes due to natur al variabil ity should  re ver se 
themsel ves at some  point; where as,  changes d ue to global war ming w ould conti nue  in the
fore see abl e future .

Some  model s ind icate  that,  on aver ag e, 30%  of Cali forni a’s i ncr eased  preci pi tation will  fall 
in the spr ing and autumn, wi th eve n lar ger  incr eases in wi nter.  In addi tion,  a gre ater
pr oportion of the pr eci pitation wi ll  fall as rain,  d ecr easing the snowpack  i n the mountains. 
Changes mode led  for the  summer wer e not statisticall y signif icant.  (Kim 2001) . Ti ming of
pr ecipi tation i s i mportant, because water sy ste ms in Calif or nia ar e based on the concept of
stor ing  wate r duri ng  the wet se ason and  in wet years and convey ing  that wate r long 
di stance to are as of  use. A sub stantial  amount of wi nte r pre cipitati on has histori cally  be en
stor ed in the snow pack,  which melts as the  wate r in reservoi rs is used up,  recharg ing
them. Less snow pack means le ss reser voi r water is re placed  for use  in the summe r. More
ex tr eme  spri ng storms are al so lik el y to fil l avai lable  wi nter flood  storage  space  in the
re se rvoirs.  Such ef fects ar e demonstrated  in a re ce nt reg ional  cl imate  stud y that mode led 
the eff ects of a doubli ng of  CO2 on Cal ifornia cli mate and  found that temper ature
incr eased “…eve ryw he re in the regi on annuall y (up to 3. 8°C),  and in eve ry month, with
the gre ate st monthly  surface  warmi ng  at hi gh el evati ons. Snow accumulation decr eased 
ever ywhere , and  pr ecipi tation incr eased  in norther n reg ions by up to 23%, on a mean
annual basis.” (Sny der , B el l e t al.  2002) .

Even thoug h sci entists concur that Cali for ni a will  get war me r; there  is no comple te
ag re eme nt on the level of this war mi ng.   With respect to cli mate change ’s ef fect on
pr ecipi tation in Cal iforni a,  the situation i s also unce rtain. The major ity  of mode li ng resul ts
sugg est that Calif or nia woul d expe ri ence, in ge ner al , higher  pr eci pi tation leve ls—but
ther e are al so mod el ing  re sults that sugge st sl ightl y lowe r pre cipitati on le vel s from
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hi stori cal  leve ls (Wigl ey 2000,  Mi ll er 2003) .  For  this re ason,  in an ongoing PIER-f und ed
pr oj ect on climate  change,  r ese arche rs are  using mod eli ng re sul ts that repre sent the  wi del y
di ve rge nt potential results with r espect to pre cipitation (i .e. , d ry and w et scenari os)  (Mil ler 
2003).

Sea Lev el Ri se

Se a level has rise n in Cal if ornia,  as show n in Fig ur e 4. The se data are  in agre eme nt wi th
re porte d ove ral l increases at the gl obal level IPCC (I PCC 2001).  Sea level  ri ses i n response
to seve ral  factors, such as the  ther mal  ex pansi on of  the oce an as it warms, glacie r mel ting, 
changes in the mass of the  polar ice  sheets,  and land moti ons. Thi s last factor  is
attr ibutab le  to post-gl aci al  re bound  and tectonic motions and subsid ence from the
de pl eti on of  under gr ound oil /gas fie lds and removal of groundwater  from aqui fer s.  I n
Cali for nia, sig nif icant changes of  ground le vel  fr om the wid espread pumping of
gr oundw ate r and  oi l have b ee n r eported for  the Los A nge les area (B aw den, T hatcher et al .
2001).

El  Niños usuall y produce hei ghtene d sea le vels (of te n by several centimete rs ab ove  tide 
pr ed ictions)  al ong  the Cal if ornia coast.  Over a longer  ti me  fr ame , sea le ve ls at Calif ornia
ti de  gages have  be en ri sing by about 15–20 cm (6–8 inches)  per century,  and most experts
ex pe ct cli mate chang e to cause an ad ditional  incre ase (per haps doubl e the pr ese nt rate)  to
this ri se.   Because El Niños pr oduce  hi ghe r sea le ve ls and incr ease the  number of vi gor ous
wi nter storms, the  like lihood of coastal floodi ng,  erosion and str uctur al damag e is
pr ob abl y gre ate st during future  larg e El Niño episod es.  (F li ck 1984;  Br omi rski et al . 2003;
Doug las 2000).

Al l the  factors that contr ib ute  to sea level  chang e mak e it extremel y diff icult to esti mate
the contri bution of the se factors to the observed se a leve l change s.   Mode le d sea le vel  ri se 
in the twe ntieth centur y is low er than the  obse rvati ons and the re is a conti nuous scientif ic
de bate about the reasons for  these  diff ere nces and  the impli cation with regard to this and 
the nex t centur y (Church 2001).
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Up welli ng
In the summe r, winds al ong  the coast of  Cali for nia arri ve pr edominantly  fr om the nor th. 
The eff ect of the wi nd and  the rotation of  the Ear th re sul t in the  move ment of sur face
wate rs off shore  (away from the coast), whi ch in turn re sul ts in the ver tical  tr ansfe r
(upwelli ng) of  re latively  de ep water s to the  surface .  Upwel li ng bri ng s to the  surface 
nutr ient-e nr iched water  that supports an abundant ecosy ste m with val uab le comme rci al 
value.  In 1990, And rew  Bakun postul ate d that glob al  cl imate  chang e was inte nsi fyi ng  the
coastal  ocean upwe lling  in Cali for ni a and in se ver al  other  locations in the wor ld (B akun
1990). A mor e rece nt analy si s for Calif ornia confi rms the incre ase d upw ell ing along the 
Cali for nia coast (Schwing and  Me nde lssohn 1997).  F igure 5 ill ustrates this upwel li ng
tr end. Thi s increase  in upwe lli ng,  howe ver , has not resulted  in a concomitant incr ease in
nutr ients,  because  the reg ion of col d wate r in the  ocean see ms to be  moving to dee pe r
leve ls in the ocean.  In fact, from 1951 to 1993, sur face waters in Souther n Cal ifornia
warmed by ab out 1. 5° C ( 2.7°F ) ( Sanford 2002) .

2.3 Potential Impacts of Climate Change in California
The previous section described several of the key mechanisms by which global climate
change could manifest in California, and some of the potential consequences. This
section discusses examples of possible impacts of these changes on California’s
socioeconomic and natural systems.

En ergy and  Water

Changes in climate of the type and magnitude posited by the IPCC and regional
analyses would substantially affect electricity generation throughout California and the
entire Western states grid, particularly for hydroelectric facilities. Warmer temperatures
affect the timing and level of rainfall, which in turn affects the timing and amount of the
runoff that the state depends on for a reliable, year-round water supply. Different
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timing and levels of precipitation (and the affect of warmer temperatures on the extent
and the duration of mountain snowpack) would alter the amount of electricity
hydroelectric facilities could generate. It would also affect seasonal availability, with
less water available for hydroelectric generation in the spring and summer months,
when demand is highest. In addition, there is a high likelihood that dramatically
changed precipitation and runoff patterns would lead to changes in broader water
policies and end-use priorities, which could further limit hydroelectric production.

Regional climate change is also likely to affect energy demand in California
independent of its direct effects on supply, through hydroelectric generation. In
projecting these demand-side impacts, account must be taken of patterns of energy use
in the state and how they interact with weather conditions.  T he  energ y ind ustry  uses
he ating  de gree- day s (HD D) and cool ing degr ee -days (CDD)  to esti mate ene rgy 
consumption.   B oth measure  the deviation of the  dail y aver ag e temper atures with re spect
to a gi ven i deal temper ature .  In ge ner al,  scie nti sts assume  that energ y consumpti on wi ll
incr ease i n dir ect proportion to the  incre ase of the se par amete rs.   For  ex ample , a CDD that
doub les fr om one day  to another  should mor e or less double  the air -cond iti oning  need ed
for comfor t.   F igure  6 shows that the l ong -term 30-y ear  aver age  CD D are  incr easing  i n
 Cal iforni a,  at least for the mete or ological  stati ons show n in thi s fig ure . Peak ele ctr ici ty 
de mand in the state occurs duri ng hot summer  days and is associ ate d with increased 
cool ing  de mand.  As d emonstrated by  Cali for ni a’s re cent ele ctricity  crisis,  i ncr eases in pe ak 
load  can dramaticall y reduce  the rel iab ili ty  of  the ele ctr ic power  system and result in
gr eatly  incr eased costs to household s and businesses. On the  other  hand , heating deg ree -
days ar e decreasing, sugge sting  that le ss energ y may  be  ne ed ed to ke ep our  houses and
buil dings warm. 

An ongoing  PIER-sponsor ed study  has estimate d tentative ly the impacts of hig her 
te mperatur es on ener gy expenditure s in Cal if ornia,  taki ng account of  the eff ect of  higher
te mperatur es in lowe ring ene rgy  consumption for  he ating  houses and  buil dings. The
stud y has found  that this “b ene ficial” eff ect does not counterb alance the energ y
consumption- increasi ng eff ects of hi ghe r temper ature s in the  form of  hi ghe r cooling
de mand.  In addi tion,  and not surpr ising ly,  the dif fe rence in impacts would  diff er
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si gnifi cantl y among Cal ifornia’ s var ious counti es.  Ener gy de mand would most lik ely 
de cr ease in the  state’s norther n and  mountai nous counti es;  wher eas, ene rgy  demand in
ce ntral  vall ey and  souther n counti es would  most li ke ly incre ase .  The i ncr eased  ne t ene rgy 
de mand (natural  gas and  electri city)  attri butab le to a war me r climate woul d be
substantial—about 20% over  w hat woul d b e expected under  a stabl e cli mate ( Me nde lsohn
2003).

In addi tion to its role  in hydr oel ectri c production,  the state’ s intricate  system of  re ser voirs,
canals,  aque ducts,  and other  facil ities di strib ute s mil lions of  acre -fe et of  water  around the
state annual ly for  use by the resi de nti al,  commercial, ind ustri al,  and agr icultural sector s. 
The per for mance  of  this wate r infr astructure  would  be dire ctly aff ected  by  dramati c
changes in temperature and  precipi tation. Calif ornia’s eng ineer ed water  sy stems ar e
al re ady  over tax ed,  and eve ry  major  wate r supply  sour ce in Calif ornia is be yond its
physical or leg al capacity  to be sustai ned  (Wil kinson et al.  2002) .  Curre ntly,  more  than
half  the population depend s on water  impor te d from outside  thei r are a. Past water
management practices and other factors have devastated Cal if ornia’ s natural aquati c, 
ri parian, and wetl and ecosystems, and the chall eng es posed  by climate change  and
vari abi lity wil l add  to the alr ead y dif ficul t w ate r proble ms facing the  state. An early  1990s
anal ysi s estimated  that wate r-r elate d losses in Cali for nia due to gl obal cli mate war ming
coul d amount to as much as a bi lli on dollars annuall y (Vaux 1991).

Th reatened  E cosyst ems

Cali for nia has a hig hly  di ve rse  land scape that range s from cool , wet re dwood  forests in
Norther n Cal iforni a to hot, dry  Mojave and  Colorad o deserts of Southern Cali for nia, with
many  variati ons in betw een. As a result, the  state  hosts mor e plant and  animal spe ci es
than any other,  incl udi ng  300 natur al plant and ani mal  communi tie s,  178 maj or hab itat
ty pe s (Schoenher r 1992),  ten broad  bi ologi cal  cate gor ies, or “bi or egi ons” based on di sti nct
and consiste nt cli mate zones, and 10 fl ori stic provi nce s that are further di vid ed into 24
sub- province s (H ickman 1993). There  ar e in the  state 5,057 native and ne arl y 1,000 exoti c
pl ant specie s and al most 1,000 native verteb rate spe cie s includ ing  540 bir ds, 214
mammals, 77 reptil es, 47 amphib ians and  83 freshwate r fishes (Schoenher r 1992).  If  one
we re  to incl ude  inse cts and other inver teb rates, gre ate r than 50 per cent of known speci es
ar e end emi c to Cal if ornia (i bid .). 

This ri ch ab und ance of flora and fauna is al ready threatened  by  forces such as land- use 
changes, invasi ve speci es,  and air  and water  quali ty  de gradation. Cl imate chang e impacts
wi ll  intensi fy those threats through incre ases in te mpe ratur e, chang es in pr eci pitation
le ve ls,  incr eased atmosphe ri c CO2 concentrati ons, potential  incr eases in ex tr eme  events, 
runoff,  and evapor ation—as well  as from changing ecosystems,  chang es in snow pack
le ve ls,  soil  moistur e, and  sea level  ri se (U SGCRP 2001) .

Many  ecosy stem chang es ill ustrate the inte rr elationship be tw een Cali for nia’s chang ing
ecosystems and its changing cli mate.   T he earli er onset of  spri ng,  esti mated  by  changes in
the bloomi ng  of  pl ants (Cayan 2001),  te mpe ratur e increases in the Si err a Nevada si nce the
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1940s (Detti nge r et al.  1995; Karl  et al. 1993) , the  ob ser ve d incr eased  spri ng sal inity  in the
San Franci sco Estuar y (Knowle s and  Cayan 2002), and the incre ase d intensity of lar ger 
fl oods in the last thre e to four decade s in some of the  major Sier ra Ne vad a str eams are 
some  of  these d ocume nte d change s ( Cayan 2003).

As the cli mate chang es,  the impact on Cali forni a’s animals, insects,  and veg etation wil l
vary , d epe nd ing  on a varie ty  of  factors such as thei r l ocati on and the numbe r and intensity
of  stre ss factors pr ese nt.  Impacts coul d includ e str ong er compe tition with non- native
species; decreased  biod ive rsity ; red uce d hab itat as a result of  te mperatur e,  fi re,  or
dr ought; and  incre ased exposure  to pests and  pathoge ns. 

Se ve ral  stud ies al re ady  re port obser ved  re sponses of  individ ual  or  groups of  Calif or nia
species to Cali for ni a’s cl imati c change s. For exampl e, from 1951 to 1993, there  was an 80% 
re ducti on of  zoopl ankton vol ume  in Cali for ni a wate rs (Roe mmi ch and McGowan 1995).
Be cause  zooplankton play an important role  in the food chain, the conti nuati on of this
de cl ine  should have del ete ri ous consequences on mari ne ecosy ste ms.   The  incr eased
upwe lli ng (b ut with a reduce d contri bution of deep nutr ient- rich waters) may  ex plain the
ob se rve d decline of the  zooplankton (Sanford  2002) . The re is some evide nce  of the
pote nti al re ver sal  of this decl ine , whi ch may be associ ate d with the  speculated  re ve rsal of
the PDO to i ts col d phase,  as d iscussed  ab ove ( Gre ene 2002, Chavez 2003).

As another  example , the  population of inve rtebr ate s in the  inte rti dal zone  at Hopk ins
Mari ne Stati on in Pacif ic Gr ove  has change d dramaticall y since 1931.   L ong -term re cords
of  sea sur face tempe rature s at thi s station show a sustained  warmi ng .  The  record shows
that al most all  souther n spe cie s increased  in abundance ; whe reas, most nor thern species
de cr eased,  indi cating a mi gr ati on to the nor th in re sponse  to warmer  water s (Sagar in
2002).

Re porte d geographi c range shift in some  species ar e in agr ee ment with the ob ser ved 
cl imate  changes in the state . For ex ample,  populations of Ed ith’s Check erspot butter fli es
move d north and  uphi ll in accor dance  wi th incre asi ng  te mpe ratur es in their  habi tat.
(Par mesan 1996) .

Some  potenti al impacts are  being mod ele d, as we ll.  For example,  unde r fund ing from
PI ER, rese ar che rs ar e stud yi ng potential rob ust ad aptation strateg ie s for the Cali forni a
coastal  sage  scrub  ecosystem under  scenari os of  changing reg ional cl imate. The coastal
sage  scrub  is home  to about 100 pote nti all y thr eatened or endanger ed  speci es (N CCP
2002) and  constitute s an excell ent case  stud y of an ecosy ste m aff ected by  multi ple stre sses, 
such as incr eased ur banizati on and  a chang ing climate.  A state -of -the- sci ence dynamic
ve ge tation mode l was used to estimate pote ntial  changes in vege tation patter ns in
Cali for nia unde r dif fer ent climate  scenari os.  Also,  the resear che rs enhance d an urb an
ex pansi on model  to e sti mate the  pote nti al increase  of urbani zed  ar eas i n the  state  up to the 
end of thi s centur y.   T he pr oje ct id entifi ed  ar eas that woul d “sur vi ve” both the increase
re ducti on in habitat due to increase d urbani zation and would  have ad equate  climati c
cond iti ons for sur vi val  under all the pote ntial  cl imate  change sce narios. Tw o strong 
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me ssage s arose from thi s pre liminary  analy si s: (1)  urbanization and other stresses should
be  conside re d in cli mate change  impacts and adaptati on analy ses, and  (2) improved
pr oj ections for  the reg ional  cl imate  ar e essential  in orde r to nar row unce rtainty and
esti mate the  hi ghe st-pr obabi lity sce nar ios f or cli mate chang e i n Cal iforni a ove r the  coming
de cades.

Ai r Qualit y

The observed trend towards higher surface temperatures in California may complicate
the efforts being undertaken to improve air quality conditions in the state.  Preliminary
modeling analyses suggest that the Los Angeles region may not be able to comply with
the national ozone air quality standards by the end of this decade, because higher
temperatures will increase the surface ozone concentrations. The modeling results also
suggest, however, that particulate matter concentrations would be lower than expected,
because higher temperatures result in less particulated nitrate formation (Kleiman
2002).  In the Sacramento region, air quality regulators have also reported a tendency
towards more days with meteorological conditions favorable for ozone production
(surface temperatures higher than 95˚F and stagnant conditions) (Tollstrup 2002).

Econ omi c Imp act s

Understanding and quantifying the potential economic impacts of climate change in
California is a major research undertaking, and one of the key elements of the plan
presented in Section 3. Nevertheless, it is useful to illustrate potential impacts with
examples from the historical record. The economic costs of floods, wildfires and forest
fires, and excessive heat or cold are substantial. As shown in Table 1, significant
flooding has occurred in recent years in California, resulting in considerable damage to
property and crops. Wildfires and forest fires do not occur as frequently as floods, but
can result in significant damage—especially to property; the financial loss from crop
damage has been relatively less, but is still significant. Excessive heat or cold
(“temperature extremes”) can result in little property damage, but can lead to
significant crop losses and damages—as much as from flooding or wildfires. And
extreme temperatures lead to more loss of human life than the other events. As shown
in Table 2, fires can be just as costly as the most severe El Niño.
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Table 1. Key California Storm Events

Storm Event Time Period # Events Property
Damage

Crop
Damage

Deaths

Floods 1/1/97–4/30/02 599 $841M $230M 31

Wild/Forest fire 1/1/90– 4/30/02 264 $845M $20M 3

Excessive heat or
cold

1/1/90–4/30/02 113 $305,000 $846M 46

Source: National Climatic Data Center, Storm Even database: http://www4.ncdc.noaa.gov/cgi-
win/wwcgi.dll?wwEvent~Storms

Table 2. Other Major Events in California

Event Time Period Damage in California

Oakland/Berkeley Fire4 1991 $2 billion in insured losses (at 1997 prices)

El Niño5 1982–1983 $2.2 billion

El Niño6 1997–1998 $1.1 billion
Sources: See footnotes.

Even te mporary disruptions to infr astructure  sy ste ms can thr eaten the heal th and
economi c securi ty of  individ ual s, communitie s, and  the state . For ex ample,  1998 El  Niño-
re lated  stor ms shut dow n maj or rai l lines and inte rstate hig hways,  seve red 
communi cation and power  li ne s, ruptured  gas and  oi l pipeli ne s, ove rw hel med  sewage
sy stems, and  damag ed  water  supply sy ste ms.  Economi c impacts acr oss the Uni te d States
we re  estimated to be  on the ord er of  $25 bil lion, and those in Cal if ornia we re estimate d to
be  $1.1 bi ll ion (N OA A 2002).

2.4 California Greenhouse Gas Emissions
The pre vious se cti ons have  discussed  potenti al impacts of cl imate chang e on Cal ifornia.  A
complementar y topi c is Cal if ornia’ s contri butions of  GH Gs to the global  atmosphere ,
which coul d be sub ject to mi tig ati on under  future national  or state pol ici es. By way  of 
back ground , car bon diox ide , methane,  and nitrous oxi de are  the thr ee  pr imary  GH Gs
pr od uce d by human activity .  Carbon emi ssi ons, the  larg est contrib utor to gl obal cli mate
change,  ar e attrib uted to four maj or  se ctors: transportati on, industrial and  comme rcial ,
el ectri c uti lities, and  re si dential.  The Uni ted  States is the worl d’ s larg est prod ucer of
GH Gs, both in terms of per  capi ta and total emi ssi ons. In 2000,  the Uni ted  States re leased 

                                                       
4 Source: Insurance Services Office. 1997. “The Wildland/Urban Fire Hazard.” New York, NY.
5 Source: “The Economic Implications of an El Niño,” NOAA Magazine Online (story 24). Web site:
www.noaanews.noaa.gov/magazine/stories/mag24.htm
6 Source: Ibid.
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1. 56 bi lli on tons of  carbon dioxid e into the  atmosphere . Nationwid e,  CO2 emi ssi ons are
acce ler ati ng . T he average annual growth rate  is 1. 5 per cent,  but i n 2000, the CO2 e mi ssi ons
rate  jumpe d to 2.7 percent (Shogre n 2001).

The Cal ifornia Ene rg y Commission mai ntains an ongoing e ffort to me asure  and docume nt
Cali for nia’s GH G emi ssi ons. The  foll owi ng se cti on br ief ly summarizes the mai n find ings
of  a re cent inventor y prepar ed by the Commission.

Cali fornia’s Green ho use Gas Inv ent ory

The Ene rgy  Commission’s In ventory of  Calif ornia Greenhouse Gas Emi ssion s and Si nks:
1990–1999, pre sents the Commission’s prel imi nary GHG emissions and car bon si nk 7

esti mates for the 1990s (Cal iforni a Ene rgy  Commission 2002). The report ex ami ne s CO2,
me thane  (CH4),  nitr ous oxid e (N2O) , hyd rof luorocar bons (HF Cs), per fluoro ca rbo ns (PFCs),
and sulfur  hexa fluor ide  (S F6), a nd foc uses on anthr opo ge nic  em issio ns (i.e., t ho se att ribut able to
huma n a ctivitie s).

Carb on dioxi de emi ssions represent about 85 per cent of the  GHG emi ssions in Cal ifornia, 
and the  vast major ity of the se emi ssions are  gener ated from the  comb ustion of fossil  fuels.
Carb on dioxi de emi ssions from the combusti on of  fossil fue ls have re mai ned  close to the 
maxi mum le ve ls emi tted in the mid- 1970s, as shown in Fi gur e 7.

Ther e are se ver al factors that explain thi s phe nomenon.  Most si gni fi cantly , Cal ifornia
powe r plants sw itche d almost compl etely  fr om re sid ual fuel  oil to natur al gas in the  mi d-
1970s (because of both cost advantag es and  regulator y restri cti ons).   Othe r factor s that
contrib ute d to the se  ne arl y static emissions le vel s includ e:  Calif or nia’s innovati ve  energ y
ef fi cie ncy  prog rams,  incre ased penetration of rene wable  re sources for electr ici ty
pr od uction, increase d use of  nucle ar  energ y (fr om ab out 10,000 GWh per year in 1975 to
ab out 30,000 GWh per  ye ar af ter  1988), incre ase d fue l economy in the  tr ansportation
se ctor,  and an incre ase  in the amount of imported el ectricity (Calif ornia Energ y
Commission 2002).

                                                       
7 Natural processes can act to store GHGs, thereby reducing the total amount of GHGs emitted into the atmosphere. These
processes are called sinks, and include land-use and forestry activities that can affect the net amount of CO2 emissions by
absorbing and storing carbon through photosynthesis.
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The eff ect of e ner gy  ef ficie ncy  pr og rams i s clearl y shown in Fi gur e 8, whi ch il lustr ate s that
Cali for nia’s pe r capita el ectri city use  has remained  pr acticall y unchanged , compar ed  to
nati onal per  capita use , w hi ch has i ncr eased  by  appr oxi matel y 1.5 pe rce nt pe r y ear .

Fi gure 9 pre sents CO2 emi ssi ons from the combusti on of fossi l fue ls per  capi ta and per
gr oss state product (GSP) or  gr oss dome sti c product (GD P) for Cali forni a and 
re pr ese ntati ve countrie s.  Cali for ni a’s emissions pe r GSP ar e lowe r than emi ssi ons per
GD P for  some  of  the maj or industri al ize d countr ies, but stil l higher  than the emissi ons
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fr om various other s,  includi ng France, Swe den, and  the Nethe rlands.  On a pe r capi ta
basi s, Cal if ornia emissions are  hi gher than ne arl y all  the countr ie s listed , and lower  than
emissions in the Uni ted  States as a whole and in Canada. A simi lar  anal ysi s,  compari ng
Cali for nia emissions wi th those  fr om other  states in the Uni ted  States,  indi cates that
Cali for nia’s pe r capita and per  GD P CO2 emi ssi ons are among  the l ow est in the country A
mi ld er cli mate and  a le ss energ y-i ntensive  manufacturing base contri butes to these  lowe r
emissions,  but a mor e ener gy -ef ficie nt and  less carb on- intensive economy also contri butes
to the Cal if ornia’ s rel ati ve ly flat emi ssi on le vel s (Calif or nia Ener gy Commi ssi on 2002) .

Fi gure 9. CO2 E mi ssi ons f rom the Combusti on of Fossi l F ue ls,  Pe r Capita and Per  GSP or
GD P. 

As Figure 10 shows, Cal ifornia’ s ele ctr ici ty pr oduction re li es heavi ly on natur al gas,
hy dr oel ectri c powe r,  and nuclear pow er.   T hi s is in sharp contr ast with the Uni ted  States
as w hol e, which reli es heavi ly on coal to ge ner ate  e lectri ci ty. 

Po wer P lan ts: Majo r Con tri bu tors t o GHG  Emissio ns in  California

In-state electricity generation contributes about 16% of the annual carbon dioxide (CO2)
emissions (about 55 tons per year) from all the sources located in the state.  California’s
electricity consumption, however, is responsible for much higher emissions, because the
state imports a substantial amount of electricity from other states—some of which is
generated by coal-burning power plants.  Burning coal generates about twice the
amount of CO2 per unit of energy released during combustion than natural gas, the fuel
of choice in California.  Even though California only imports about 30% of the electricity
consumed in the state, out-of-state power plants emit more CO2 than in-state power
plants (Cal iforni a Ene rgy  Commission 2002). 
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2.5 Summary
The cli mate is chang ing , both glob al ly and  on a re gi onal scale that wil l dir ectly af fect
Cali for nia. The  ex act detail s of cli mate change  in Cali for ni a over  the coming decade s
cannot be pr edi cte d,  but the re is a lik eli hood that cur rent tre nds will  continue or be
ex acerb ate d,  and that b oth variabi li ty and  sudd en shifts or “ex tre me  events” may i ncrease. 
Ther e is a high li ke lihood  of not just fur ther incre ase s in temper ature  but also alternati ons
in patterns of pre ci pitati on, incl ud ing  storms and  the timing of rai n and snowf all  in the
Si er ras, as wel l as sea le ve l rise s.  These  vari ous changes will  af fe ct ene rg y prod uction and 
de mand,  the state’ s extensive w ate r inf rastr ucture , ecosyste ms,  and air  qual ity .
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3. PIEREA Research Agenda and Benefits
The fol low ing subsections summarize the  PI ER cl imate  chang e resear ch ag end a.   A s
di scussed in Se cti on 1,  this ag end a is based  on re se arch roadmaps commi ssi oned by PI ER, 
but consti tutes a se lection of topics in each rese ar ch are a that have been identif ie d as
pr iorities for support with the  li mi ted  re sources avail abl e to PIE R.  These  priority topics
we re  chose n accord ing to the  followi ng cri te ria:

• re le vance to PIER ob jectives,
• pote nti al to ge ner ate usef ul  re sul ts in a four-  to f ive -ye ar  ti me fr ame ,
• pote nti al to infor m pol icy  d eci sions,
• the mag nitud e of potential  i mpact on the sci ence/art of  re gi onal i mpacts and 

ad aptation anal ysi s, 
• ab il ity  to g ene rate co- benef its (i .e ., a “no re gre ts” strate gy)  , and
• pote nti al for securi ng co- fundi ng. 

This re search plan is inte nd ed to pr ovi de a str uctur ed Cal if ornia cl imate chang e program
that can be enhanced  and extend ed wi th col labor ati on and funding from othe r state, 
fe de ral , and  private  entitie s. Pote nti al sources of  co-fund ing  incl ude : the  National Oceani c
and Atmosphe ric Ad mi nistration (NOAA ), the  Nati onal Sci ence Foundati on (NSF) , the
Nati onal Center  for Atmosphe ric Re se arch (NCAR), the  Unive rsity  of  Cali for ni a Kear ne y
Foundation of Soil  Scie nce , EPRI, the Consor tium for  Ag ricul tur al Soils Mi ti gation of
Gr ee nhouse  Gase s (CA SMGS),  and the  Consortium for Re search on Enhancing  Carb on
Se questration i n T er restri al  Ecosy stems (CSi TE) .

Each subse ction be gi ns with backgr ound inf or mation, lists policy-r el evant questions,  and
de scrib es the PIER proj ects or proje ct are as se lecte d for support.  Each subsection also
id entif ies the benef its of  the sel ected  re se arch.

Tw o resear ch ar eas—Cl im ate Chan ge Sen si ng and Modelin g and  The Economics of Cli mat e
Chan ge Mit igati on an d Adaptation in Cal iforn ia—r epresent this re se arch plan’s main core of 
acti vities.  Improve d unde rstanding,  and projections, of potential  climate  changes in
Cali for nia will  be  primary  inputs to al l other research acti vities.  Si mil ar ly,  economi c
anal ysi s wil l inte gr ate  the PIE R- and avai lable  non- PIE R-f unded  stud ies into a common
anal ysi s framew ork , usi ng a language  and method  of  eval uating bene fi ts that can inform
poli cy ini ti ati ves.

Wi thin the  rese arch age nda of each topi c is a critical research path that conne cts proj ects
that ar e essential  for the  developme nt of tools and method s nee ded  to answ er  the pol icy 
re le vant sci entifi c que sti ons.  Pr oj ects wil l re ce ive  ei ther hig h,  me dium,  or  low levels of
support fr om the PIE R prog ram. The  medi um le vel  wi ll consi st of  PI ER fundi ng  combi ne d
wi th outsi de  co-fund ing , and  low levels of  fund ing  will  appl y to projects funde d mostly 
wi th outsi de  fundi ng .  In the latter  case,  PIER woul d provid e mostly  se ed money  to
unde rtake these  pr oj ects, but vigorousl y per suade other  fund ing  ag encie s of the ir
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importance .  In al l cases,  PIER wi ll  tr y to leverage  its resour ces, to contain costs and
maxi mize b enefi ts to the state. 

3.1 Climate Change Sensing and Modeling
Re se archer s have per for med  climate  change impact analyses for California f or  more than a
de cade.  How have the y proj ected  future cli mate condi tions for Californi a? Ar e thei r eff orts
ad equate for  impact and  ad aptation anal yse s?  T he following par agr aphs wil l add ress
these questi ons and sug gest why  ad di tional  w ork  in this ar ea is ne ed ed. 

The pri mar y tools for projecting the  evoluti on of gl obal cli mate—i nclud ing  pote nti al 
anthropoge ni c change s—are ge ner al ci rculation mode ls (GCMs),  which are numer ical
re pr ese ntati ons of  the basic physi cal processes of  the entir e glob al  atmosphere . For 
stud ying reg ional- scale  cl imati c phe nomena, how eve r,  GCMs have a fundamental 
li mi tation: the ir de gre e of spatial resoluti on (i. e. , the average si ze of the grid  cell s use d to
re pr ese nt the Earth’ s surf ace) is on the ord er of 300 Km. Thus,  to take  an example  from
Cali for nia, GCMs cannot re solve  important topog raphi c featur es such as the  Sier ra
Ne vada and  the Coastal Range s, as shown in F igure 11.

Impact and  adaptation anal yses requi re cli matic data at a much hig he r geog raphi cal  and
te mporal resolution than that avai lable  fr om GCMs.   Resear chers have  used se ver al
appr oaches to deve lop these data. For exampl e, historical Calif ornia cl imate  data (e .g. , the 
instrumental  re cor d of the  l ast 100 years)  have  be en ad juste d using factor s obtained  fr om
GCM outputs to estimate  future cli matic cond iti ons (Mil ler  2003). This technique,
howe ver , remains sub ject to the  de fi cie nci es of  the GCM mode ling results at the  re gi onal

Fi gure 11.  D iff ere nces in Re sol uti on Among  GCMs. (Thi s g rap hi c i llu strates the m ounta ins of
Ca li for nia  a s r esolved by va rious gr id-box size s. The r esolu tion of most G CM s (~30 0  km) gi ve s no
de ta il of Ca lifornia ’s mou ntain ra ng es.  At the 50-km re sol ution, com mon to m any  re gi ona l m odels,
the centra l Val ley  a nd Sie rr a b egi n to be di sce rni bl e; whe re as,  a gr id siz e of 20 km  re vea ls their 
re gi ona l str ucture s,  as we ll  as that of the Coa st Ra nge s.)
Sour ce: W. L . Gate s. Modelin g R eg ion al Climate Ch ang e in Californ ia. 2 002.
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le ve l, because the  GCMs do not resol ve mountainous feature s that are  impor tant
de te rmi nants of  cl imate  in Cali for ni a. Dynamic or numer ic re gional  climate  mode ls
(RCMs) sug ge st that temper ature s w ould incre ase  at a more rapid  rate  at hi gher ele vations
(IPCC 2001, Kim 2001) so thi s omissi on is cr uci al.   In add ition, it is not clear that the
ad justment of histor ical data by factor s developed  using GCM model ing outputs result in
physically  plausib le  scenari os. 

Some  re searcher s have instead used  unif orm climati c sce nar ios, whi ch ar e arb itr ari ly 
pr escri bed  constant temper ature  and pre cipitati on shifts of the  hi stori cal  time  se ri es
(Mendel sohn 2003, Mi lle r 2003).  This approach shar es the same d raw backs as the pre vi ous
me thod and , in add ition, ignore s the  fact that most of the  impacts from cl imate  change
may be attri butabl e to incre ase d var iab ili ty  (i .e. , change s in weather condi tions) .
More ove r, wi th thi s techni que ther e is again a hig h lik eli hood that the  re sults wi ll  not
accurately  portray  actual physi cal  e vents. 

Cl imate  information at hig h spatial resoluti on can also be  obtaine d usi ng dy namic
nume rical model s and /or  statistical techni ques.  The dynami c numeri cal mode ls
(mesoscale  mode ls)  or regi onal cli mate mod el s (RCMs)  ar e similar to the  gl ob al mod el s,
but the y are  appli ed  to specifi c reg ions with grid  cell s on the  or de r of 10 to 50 Km. The
GCMs pr ovi de  the lateral boundary condi tions re qui re d by the  re gional mode ls.  Two
notable  re ce nt examples of  this ty pe  of  work  we re conducte d by Law re nce  Be rk ele y
National Laboratory (LB NL)  (Mil ler  2003, Kim 2001)  and the  University of Cal iforni a at
Santa Cruz (Sny der  et al. 2002) . The ir wor k,  however , provid es onl y two or  thre e
esti mations of potential change s in Cal ifornia cli mate from a multitude  of  pote nti al 
outcome s. Their  outputs ar e heavil y depend ent on the  GCM run used to dr ive  the RCMs. 
As discussed  pr evi ously , the re are  seve ral  pote nti al  GCM mod eli ng runs that could be 
used  to ge ne rate RCM outputs and, in ad dition, the  regi onal mod els coul d be exe rci se d
wi th di ffe rent ini ti al condi tions (i bid .) or  wi th a dif fer ent rang e of options and  parameter s
in the RCMs—potentially  pr od uci ng numer ous plausib le  al ter native sce nar ios.

These existi ng studi es also mod el Calif ornia’s cli mate und er  tw o atmospher ic CO2

concentrations,  which repr esent ex isting atmospher ic CO2 levels (about 340 parts per 
mi ll ion (ppm)) and  a doubl ing of CO2 concentrati ons fr om pr e-i nd ustrial levels ( about 540
ppm) .  Although this infor mation is ver y use ful , it is now  also cl ear that ther e is a need  to
esti mate the  tr aje ctory  of  the chang ing  cl imate  wi th ti me (transie nt re sponse),  be cause  the
re sponse of economic and ecolog ical systems are  depe nde nt on how the cl imate  chang es
wi th ti me (N eil son 2002, Schnei der  2002).

An alte rnati ve to re gional  mode ling is to stati sti cally  re late the  output of  GCM simulations
to the cli mate (or  climate -r elated  processes) at spe cif ic locations.   Such st at ist ical
down scalin g cor rel ate s the  vari abi lity of sel ected  mode l vari ab les wi th those  obse rve d on a
smal ler  scal e, and  assumes that this re lationship wi ll apply  to future cli mates as well  (von
Stor ch 2000) .  Stati sti cal  downscali ng has the advantag e of bei ng re lative ly  inexpensive to
appl y.
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The use rs and d eve loper s of dynami c mod els argue that b ecause nume ri cal  mode ls mimic
the phy sical  pr oce sses invol ved in oceanic and atmosphe ric phenome na, thei r use  ensures
physical consistency  among  the dow nscal ed variable s,  as we ll  as be tw een the output f rom
the global  mode ls and the downscal ed  data (Kim 2001) .  On the othe r hand, some use rs of 
statistical dow nscal ing  te chniques sugg est that dy namic nume rical model s amplif y the 
know n GCM er ror s and  that stati sti cal techni que s are  pr efe rr ed because the y use  the
larg e-scal e featur es that ar e r elati vel y w el l-r epr esented by  GCM mod els (von Storch 2000). 
Howe ver , statistical  techniques assume that the  statistical rel ati onshi ps that are  vali d
unde r present cond itions continue to be  vali d in the  futur e.   T his coul d not be  the case for 
cl imate  change,  mainly because the  future is hi ghl y lik ely  to prod uce new condi tions
outside the range for which the se re lationships we re  de vel oped (von Storch 2000, Leung
2003). Some sci entists consi der  this caveat so impor tant that they  urge  “…scientists to use
ex tr eme  caution be fore adopting  such empir ical techniques for glob al  chang e
appl ications.” (Schneid er 2002) .  Stati sti cal techni que s may  al so re sul t in phy sical ly
impl ausibl e sce nar ios ( Kim 2001).

At this ti me , the be st approach to e sti mate future  climate  cond iti ons at the  re gional leve l is
unknown. What is irr efutab le  is the nee d for  physi cally  pl ausib le scenarios with hig h
te mporal and  ge ogr aphical re sol uti on.



30

Qu estio ns Th at PIE R-fun ded  A cti vit ies S hou ld  Try t o Add ress
De ve lopment of cli mate chang e scenar ios for Cal ifornia,  using the be st sci entif ic tools,
should be a pri ori ty  for Cal iforni a and  for the  PI ER pr ogr am in particular . All  future
impact and  miti gation anal yses depend on the  accur acy of the se sce narios.  PIER-
sponsor ed re search on regi onal cli mate shoul d be designed to answe r the  foll owi ng
questions: 

• How is the climate in California changing in relation to the historical and pre-historical
conditions? Is this change unique?

• What are the expected signals of a changing climate in the state, and how they should be
monitored?

• What are the potential changes of California climatic conditions, based on the increased
concentration of GHGs in the atmosphere?

• What is the estimated likelihood of the different climatic scenarios?
• How would the frequency and severity of extreme events change in the future?
• What are the potential impacts from abrupt climate changes in the state and what would

the resulting climate look like?

A focused long- ter m resear ch pr ogr am is ne ce ssary to de vel op the tools and  data ne ed ed
to answ er these  questions.   The  ve ry li mited  PI ER funds wi ll  not be abl e to ade quate ly
ad dr ess all of the se  questions,  but thr oug h coordi nation and  invol ve ment with ongoing
and new  ef forts at the national  and international le vel s, we  hope to advance  the scientifi c
unde rstand ing need ed  to pr ovide  me aning ful  answ ers to these que sti ons.  For exampl e, 
basi c rese ar ch on ab rupt cli mate change  and the  de ve lopment of new  GCMs ar e are as of 
re se arch that should  be  in the pur vi ew of national  and inter national  re search instituti ons.
At the same time, however,  PIER wi ll  encourage the  agencie s wor king und er the United 
States Global Climate Rese ar ch Progr am (USGCRP)  and Cli mate Change  Scie nce  Prog ram
(U SCCSP) to car ry out much more  hi gh- resolution global  ci rculation mod eli ng , in ord er
to provide  more usef ul input for reg ional model ing  efforts, such as the  one to be
unde rtaken in Cali forni a and  to be tter und er stand the possib ili ty of  more fr equent and
se ve re El Ni ño eve nts, which is one of the pote nti al  ab rupt change s in cli mate ide ntifi ed by 
the National  Re search Counci l ( NRC 2002).

The resear ch pr oje cts descri bed  be low focus on Cal if ornia.   In thi s sub secti on,  the ter m
regional  modelin g ref ers to mode ling that encompasses Calif or nia as a re gion,  but the 
mode ling could include are as of  the Wester n Uni ted  States,  as need ed , to produce the 
information necessar y for the Cali forni a impact/ad aptation anal yse s or necessar y to
ensure the  qual ity  of the model ing  f or the  Cali for ni a r egi on.

PIER Short-term Research Projects

This subse ction id entif ies the proje ct are as to be  supported  by  PI ER in the nex t thr ee to
four  ye ars.  Pl ease note that some  e fforts—such as the data col lecti on activiti es—shoul d b e
pe rmane nt and r ece ive PIER support as l ong  as need ed .
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3.1.1. Compilation and Analysis of Historical Climate and Measurement of Key Variables

A be tte r und erstandi ng of a changi ng  cl imate  in Cali for nia need s a strong ob ser vational 
compone nt and a cl imate  di ag nostic effort to make se nse  of  the data and  to uncover 
associations and cause- and -e ffe ct re lationships be tw een di ff ere nt cl imatic phenome na.
PI EREA wil l contri bute to the deve lopme nt of  a long- ter m cli mate d atabase for Cali forni a,
using existi ng data source s and  ad di ng key  measure me nt sites as ne ed ed.   T he  datab ase
wi ll  be  used  to unde rstand  how cli mate has changed  and is chang ing  in the state , and  for
eval uation of r egi onal mod el s.

Ther e are multi ple  data coll ections on Cal if ornia me teorol og ical data that have  not bee n
incl ude d in a compre hensive cli matic datab ase for the state.   T his data incl ude s, for
ex ample , fir e and ag ricultur al weather obser vations and  data colle cted dur ing special
moni tor ing  prog rams.  PI ER wi ll sponsor the  deve lopme nt of this compr ehe nsi ve 
Cali for nia-f ocused  climate  database.  The quality of some of the  data wi ll ne ed to be 
ensured  be fore it is incor porated into the  comprehensive cli mate database.   Some of the 
ol de r d ata may also nee d to be dig itize d.

In some  case s, add itional monitori ng  si tes should be ad ded .  For e xampl e, there  is a lack of 
me te orolog ical and  hydr ologi cal  ob se rvations in ce rtain re mote are as of  the state.   Thi s
data gap i s hampering our under standing  of  some  of  the impor tant phy sical pr oce sse s that
have  valuabl e ecol og ical and  economi c importance, such as the processes involve d with
hi gh el evati on snow accumulation and  snowmel t.8  Numer ic hy drolog ical mod el s used  to
esti mate change s in runoff  unde r dif fer ent climate  scenari os have be en devel ope d with
ve ry  li mited  data fr om hig h ele vations,  and,  for thi s reason, some  of processes si mulated
by  these mod els ar e ill -know n and can only  b e i nfe rr ed from ind ire ct me asure ments.  PIER
woul d fund  long -te rm me asure ments in ke y locati ons of parame ter s such as snow leve ls,
form of  pr ecipi tation (snow or rai n) , wind  velocity,  and temper ature  de sig ne d to gather 
information that wil l allow resear chers to better under stand  some of  these  important
physical processes.

For a l ong  time , the  ab sence  of  me asure ments in re mote ecological se nsi tive are as has been
an issue of concer n.   T he re lative ly  hi gh costs associated  with these coll ecting the se
me asure ments (b ecause of the ir remote locati ons and the  re strictions pl ace d on
me asure ment stations in se nsiti ve wi lde rne ss ar eas) have resulted in ve ry sparse
me asure ment sites in hi gh el evations and other are as. PIER will  support the development
of  new,  non- intrusive and le ss expensive remote  moni tor ing  systems to incr ease
substantiall y the numbe r of monitori ng sites and monitoring par ame te rs measured  in key
re gi ons of  the state .

PI ER re centl y initiated  a pr oje ct wi th Scr ipps Insti tution of Oceanography  to d eve lop low- 
cost re mote sensing environmental monitors and to install these  moni tor s in Yosemi te 
Nati onal Par k.  Scri pps wi ll  make the data avai lab le to re se archer s on a near-r eal -time 
                                                       
8 http :// meteora.ucsd.edu /ca p/ snow_monitor.h tml
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basi s throug h the Inter net.  The Cal iforni a Departme nt of Water  Re sources (D WR)  wi ll 
pr ovide  te chnical support for this proj ect.

In addi tion,  the National Ce nte r for  Atmospheri c Research (N CAR) is planni ng  a
re analy sis of climate data that woul d dire ctly benef it Cal if ornia and coul d be use d to
de te rmi ne which ad di tional  moni tor ing stations shoul d be establ ished  to re duce the 
unce rtaintie s r elate d to e stimating change s in cli mate with a f ini te  numbe r of stati ons.

The NOA A and  the N ational Science Found ati on (N SF)  are cur re ntl y par tially  f und ing  the
de ve lopment of low -cost re mote sensi ng syste ms,  but mor e funding i s nee ded  to fiel d- test
these systems and to install  and ope rate the m in key  si tes in the state . Col lab orati on with
othe r state age nci es is esse nti al for the succe ss of  this pr oje ct. 

Benefit s: This ef for t would facil itate be tte r snow-l evel for ecasting  and detection of sub tle 
cl imati c change s, he lp devel op improved  mode ls based  on hi gher- quali ty and  more 
comprehensive data, enhance the  state’s ab il ity  to dete rmi ne  to what extent the  obse rve d
incr ease (or  de cre ase) in cooli ng de gre e-d ay s (or he ati ng de gre e-d ay s) is attri butab le to
incr eased ur banizati on,  and improve und erstandi ng of  energ y consumption patterns and 
cl imate .

The development of  better cl imatic databases for the  state  woul d result in imme diate 
be ne fits to the  state.  For exampl e,  the data coul d be use d to devel op stati sti cal 
re lationships b etw ee n snow  l eve ls in gi ven y ear s w ith major cli matic indices, such as those
used  to esti mate the  strength of PDO and the  EN SO events, potentiall y allowi ng bette r
fore casting of snow levels, with ade quate le ad time for  pl anning.

The data could also be use d to detect subtle  chang es in cl imati c conditions that are  not
evid ent when assessi ng the  data fr om the exi sti ng me asurement site  netw ork .  The new 
data wi ll al low  more  stringe nt evaluati ons of nume ri cal  hy dr ological  model s,  which
should resul t in mor e advanced and  accurate mod els.  Be cause  these  mode ls ar e used  for
the manage me nt of water  re sources,  incl udi ng  hy dropower , the ir improvement should
be ne fit the state even without factoring i n cli mate change b ene fits. 
3.1.2. Intercomparison of Regional Climate Models

Al thoug h many regi onal mod el s have  been used  to si mulate the  cl imate  over se lected 
re gi ons of  the Uni te d States and elsewhere  (Houghton et al . 2001),  ther e has be en li ttl e
atte mpt to eval uate and  inte rcompare  the mod els (i .e ., compare the  mode ls ag ainst each
othe r and ag ainst ob ser vational  data) at the  ne ede d resoluti on.   T he  lack of  stand ar dized
ex pe rimental  condi ti ons make s it dif ficult to identi fy characte risti c mode l err ors.
Re se archer s nee d to ide nti fy  a common nested  model  domain9 and  de vel op a reg ional 
mode ling protocol.   The re is al so a nee d to compar e statisti cal  me thods ag ai nst RCMs and
hi stori cal  d ata not use d i n the  de ve lopment of the  statistical methods. 

                                                       
9 A model’s domain is the area being modeled.
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Unde r this proj ect, PIE R w il l f und  the devel opment of a modeling protocol to valid ate and
inte rcompare  RCMs and statistical model s and  other  promisi ng  model ing appr oache s.
The protocol  shoul d provid e dif fer ent alte rnati ves for its impl eme ntati on and should 
indi cate the  le vel s of fundi ng nee de d for the opti ons discussed .  Af ter  the mod eli ng 
pr otocol has be en de vel ope d,  the PIE R prog ram will  deci de what option to implement
and,  if  appr opr iate,  pr oce ed  di rectl y to the  de vel opment of cli mate sce nar ios base d on the 
re sults of  mode ls al ready be ing  impl eme nte d in Cal if ornia.  PIER re se rve s thi s opti on,
be cause  even thoug h a mode li ng inter compar ison study  would  be extr emely  usef ul,  the
hi gh le vel  of resour ces ne ed ed to under tak e thi s eff ort may pre clude  this ex ercise  without
substantial outsid e source s of fundi ng. 

The intercompar ison implementation should use GCMs that have  de monstrated model ing 
re sults that ad equately  re pr ese nt fe atures of inte re st for  Califor ni a. For  example , to the 
ex te nt feasi ble , the  GCMs shoul d be abl e to represent the hi storical  variabi lity of ENSO
and PDO cy cl es reasonab ly we ll (Col lins et al.  2001).  A lso, resear che rs shoul d develop or
ad apt a me thod from other studi es to mi nimize the influence of poorl y perf or ming GCMs
when cr eating e nse mb le simul ati ons (Giorgi  and Mearns 2002).

Benefit s: Standardi zation of mod eli ng  pr otocols would  enabl e the  state to evaluate
mode ls and  compare  data, and  id entif y the most appropri ate  RCM( s) for Cali forni a
appl ications.

3.1.3. Development of Climate Scenarios for California

The goal of thi s activi ty is to he lp Calif or nia de ve lop a compr ehe nsive  unde rstand ing of
li ke ly reg ional  cl imate  changes that wi ll af fect the  State ’s hy drology and  agri cul ture and 
natural  ecosystems.

If  the mod el  inter comparison takes place, the best perf orming mode ls (b oth GCMs and
RCMs) w ill  be used  to deve lop f uture  cl imate  scenari os for  Cali for ni a.  If  this acti vity doe s
not tak e place,  se le cte d reg ional model ing  appr oache s will  be eval uated  ag ai nst hi stori cal 
and per haps pal eocli matic data to ensur e an ade quate  pe rformance of the se model s and  to
unde rstand  the err or s associ ate d with the use of the se mod el s.  In either case,  the mod els
wi ll  be  used  to de ve lop ense mbles of  re gional climate change  pr oje ctions, which wi ll  al low 
re se archer s to assig n prob ab ili ty to the d if fer ent climate  scenari os.

The cli mate sce nar io work wi ll be coord inate d with the proje cts on i mpact and adaptation
anal yse s to ensure  that the cli mate mod eli ng  re sul ts pr ovi de  ad equate geog raphi cal  and
te mporal r esolutions for the  parameters ne ed ed for  i mpact and adaptation analyses. 

Re ce nt wor k by the  Piel ke Re search Group at Col orado State  University has shown the
importance  of consid eri ng the effe ct of  anthropoge ni c land  cove r change s (e. g., 
ur banizati on) and chang es in ve getation patterns on global  and reg ional  cl imate  (L u, 
Pi el ke Sr.  et al. 2001) ; (Pie lke  Sr . 2002). Of  course,  there  is a tw o- way li nk age be tween
ve ge tation patterns and  cl imate  (i .e ., the y each aff ect the other) , whi ch makes these type s
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of  stud ies extr eme ly  computational ly  intensi ve,  but the y see m to be essential for
pr od uci ng re ali sti c cli mate change scenari os.  Some resear chers ar e alr ead y usi ng GCMs
li nk ed to ve getati on model s.   T he re cent linkag e betwee n the  Community Cli mate Mod el 
and the  Inte grated  Biosphe re  Si mul ator is an ex ample  of  this work (D eli re 2002) . At a
mi ni mum, the  PI ER pr ogr am shoul d explor e thi s issue for  the sce nar io de vel opment
work .

Benefit s: Cal iforni a would gain the  abil ity  to deve lop a comprehensive unde rstanding of
li ke ly reg ional  cl imate  changes that wi ll af fect its hy drology,  ag ri cul tur e,  and natural
ecosystems.

3.2 Impacts of Climate Change on California Water Resources
The resear ch roadmap on wate r resour ces (Roos 2002) ide nti fie s the  foll owi ng pr ior ity 
re se arch i te ms for  Cali for ni a:

1. Moni tor  hy dr ological ly impor tant var iab les
2. Te st operati on of the Central Vall ey  Proje ct and State Water  Pr oje ct sy ste m with

modi fie d r unoff 
3. Mode l f uture  pr eci pi tation
4. Update depth-duration-f reque ncy  rainfal l d ata
5. Eval uate Gol den Gate  ti de datum
6. Catalog  se a level tr end s along the  coast, in San F ranci sco B ay and  the Del ta
7. Check f or re cent change s i n evapotranspirati on
8. Esti mate f uture  changes in e vapotr anspi ration and cr op use 
9. Eval uate e ff ect on major mul tipurpose f lood control reservoi rs
10. Mode l w ate r temper ature  in major r eservoir /rive r systems
11. Esti mate the  ef fect of cli mate chang e on r eg ions adj oining  Cali for ni a

This is a daunting  list of  areas of resear ch that cannot be ful ly supporte d by the  PIER
pr og ram, b ecause of the  li mi ted  fund s avai lable  for cli mate change  r ese arch. 

The PIE R program i s cur rentl y f und ing a re se arch project w ith the Unive rsi ty  of  Cali for nia
at Davi s to investig ate  the impact of climate change  on hy dr opower  gene ration.
Hy dr opower  should not be vie wed  in isol ati on fr om the rest of the state  wate r system;
ther efore,  the analy sis entails the simultaneous consid erati on of the effe cts on agr iculture ,
ur ban demand , and ecological  re sources.   T he  re searcher s, he ade d by Profs.  Lund  and
Howi tt,  ar e usi ng an enhance d version of the  CA LVI N mod el for this stud y. Ve ry
pr el imi nar y and  partial  re sults fr om this study  sugg est that gr oundw ate r aquife rs could 
amel ior ate  adve rse  i mpacts b y acti ng  as ne w water re ser voi rs (Zhu et al . 2003). 

PI ER, toge ther with NOA A and  CA LFE D,  is al so fundi ng  a demonstr ati on pr oje ct
de si gne d to show the  be nef its of mod ern hy dr ological  forecasting decisi on analy sis tool s.
A pr eli minar y stud y for  the Fol som L ake  rese rvoir de monstr ated that ope rational  changes
at this re se rvoir could  incr ease hyd ropowe r producti on and  free  more  water  for
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consumption and  the environment (Yao and Georgakak os 2001) . The same  inte grate d
fore cast-d ecisi on sy stem f or  Folsom was used  to esti mate the  re sponse of the  sy ste m und er
future cli mate sce narios (i bi d.) .  T he study  de monstrated that the  system could  be  very 
ef fe cti ve for copi ng  wi th the incr eased  vari abi lity produced  by  cl imate  change.   T he 
cl imate  scenari o analyzed is a rel ative ly we t scenar io,  and the ref or e it is unk now n if the 
sy stem would  al so be  ab le to handl e mor e demand ing  dry sce narios. However,  at least in
pr inciple,  the new  fore casti ng- decision sy stem shoul d be a signifi cant improvement over 
the use  of  existing ope rational  rule s.  The demonstr ati on ar ea cover ed by IN FORM—a
re se arch developme nt, technolog y transf er,  and demonstr ati on pr ogr am for use rs of
cl imate  information for  wate r resour ces management—i ncl ude s the  Folsom,  Orovill e,
Shasta,  and Tri nity reservoi rs.   T hi s proj ect repr esents a “no- reg re ts” strateg y that, if
successful , wil l result in better operation of the  existing reservoi rs in the near  future and a
more  fl exi bl e system that would  be  able  to alle viate  some of  the potential ly  ad ver se 
cl imate  change impacts. 

Fi nally , PIE R just star ted  a pr oje ct wi th Scripps Insti tution of Oce anography to develop
and instal l a numb er  of  re mote sensi ng devices to me asure snow level s and other 
me te orolog ical and  hydr ologi cal  parameters in Yose mi te National  Park .  The  data wi ll  be 
coll ected in a near- real-time b asis,  al low ing d etail ed studi es of snow- str eamflow dy namics
that wi ll be  ex tre me ly use ful for futur e hyd rol ogi cal mode li ng devel opment and
vali dation work .  The long -term oper ati on of  these  stations may  al so se rve  to dete ct the
si gn of  changing cli matic condi tions in the state. 

Qu estio ns Th at PIE R-fun ded  A cti vit ies S hou ld  Try t o Add ress
Hydroelectric generation is an important resource in California, representing about 20% of the
electricity generation in the state.  California also imports a significant amount of hydropower
from the Pacific Northwest.

• How may climate change and population growth affect California’s future water
resources, including hydropower production and ecological systems?

• How should the operation of hydropower facilities be improved, so that the state will
be able to cope (or benefit, if feasible) under the expected significant changes in
precipitation levels and the timing of snowmelt in the Sierra Nevada?

• What hydrological variables should be monitored to improve our understanding of
the natural and managed water systems in the state?

PIER Short-term Research Projects

The following is a list of projects designed to address the questions listed above.

3.2.1. Monitoring of Hydrologically Important Variables

Regular, consistent and sustained measurements of hydrologically important variables
are essential to track hydrologically important variables and to verify model
predictions.  Measurements of variables such as precipitation, and other climate data
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such as snowpack and  streamflow should be continued. Measurement should focus on
locations where significant change is expected—for example the mountain snow zone.
The measurement program should also consider locations where additional
measurements could allow the analysis of important processes.

The work on climate sensing and modeling will be used to identify the best locations in
the state for these hydrological measurements, with the dual goal of improving our
understanding of important processes and being able to detect the climate change signal
as soon as possible. The latter goal will require a long-term monitoring program that
should be supported by PIER as long as possible, but conclusive results should not be
expected during this plan’s implementation period (i.e., the next four to five years).

The NOA A and  the NSF  ar e cur rently  partial ly  fundi ng  the developme nt of  low- cost
re mote sensi ng syste ms,  but mor e funding is nee ded  to fiel d- test the se syste ms and  to
install  and ope rate the m in key  si te s in the  state . Col lab or ati on wi th other  state  agencie s is
esse nti al for the succe ss of  this pr oje ct. 

Benefit s: This work would result in an improved understanding of important
hydrological processes and enable researchers to detect and interpret climate change
signals as early as possible. (The latter goal would require a long-term monitoring
program that should be supported by PIEREA, but conclusive results should not be
expected during the implementation period of this plan.)

3.2.2. Testing the Operation of the State Water System under Different Plausible Climate
Scenarios

This work wi ll entai l a stud y of the  state  wate r system, with an emphasis on the ope ration
of  the Centr al Val le y Proj ect and the State Water Pr oje ct.  These two major  wate r projects
furnish ab out 30% of  Calif or nia ne t water de mand for  ag ricul tur al and urban use s.  T he
major r ese rvoir s of the se tw o proj ects are  l ocated  on w ate rshed s l ik ely  to see lar ge  shifts in
runoff patte rns as a re sul t of rising snow  leve ls (i .e. , the  Tr ini ty , Sacr amento, Fe ather,  and
Amer ican).   At least 50 ye ars of monthl y hyd rol ogy  are sug ge ste d as a mini mum durati on
for compar isons.  Curre ntl y,  many studi es ar e cond ucted  base d on data from the
1922–1994 hi storical  pe riod of 72 ye ars.  This longe r peri od  include s simulation dur ing  the
two major six-y ear  histori cal droughts (1928–1934 and 1987–1992).  T his work  could 
involve  enhanci ng the CALSIM and CAL VIN  mode ls.  CA LSIM is the mode l develope d b y
the Cal ifornia Depar tme nt of  Water  Resources and use d for pl anning  purpose s in the 
state. CAL VI N is an economic-enginee ring optimi zation mode l of Cal if ornia’ s water
supply syste m that i dentif ie s opti mum oper ation cond iti ons. It is a new  mode l, devel ope d
unde r NSF.  As indi cated  pr eviously , PIE R is funding the  modi ficati on of  this model  for
cl imate  change studi es.  Howe ver , to estimate the lik eli hood of the  idealized  optimizati on
re sults pr ovide d by CAL VIN , a simulation mod el lik e CAL SIM may be ne ede d.  T hese
mode ls would  be  used  to stud y the impact of cli mate change  on the avail abi li ty of water 
for agr icultural, ur ban, i nd ustrial,  re cre ational,  and envir onmental  purpose s.
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At this ti me , the IN FORM project doe s not include the testing of the  integ rated  fore cast-
de ci sion system unde r diff er ent cl imate  scenari os that wil l be devel ope d und er the  work 
outl ine d in Section 3.1.  The curr ent phase of the  INFORM pr oje ct wi ll most lik ely  end in
2006.  The  PIER pr og ram should support the testing  of the sy ste m developed  by the
IN FORM proje ct to investig ate the ad vantag es of  using this rese rvoir  operati on
management tool  unde r d iff er ent cl imate  scenari os. 

Benefit s: The  state  woul d have the abili ty to study  the impact of cli mate change  on the
avai lab ili ty  of  wate r for ag ricultur al,  ur ban, ind ustri al,  recr eational , and  envir onmental 
purpose s; and cond uct scenar io studi es of a lar ge porti on of  its w ater syste m.

3.3 Impacts of Climate Change on Ecological Resources
The roadmap of research on climate change impacts on ecological resources identified
the following important project areas for California:

1. Ecological assessment and monitoring using ecological indicators specific for climate
change studies

2. Development of climate scenarios at adequate resolution for ecological studies
3. Enhancement and development of modeling tools to estimate future changes in

vegetation patterns and ecosystems in general
4 . Compilation and analyses of paleontological data to better understand past

ecological responses to climate change and to test models
5. Development  of an experimental and modeling research program to understand the

impact of multiple stresses such as impacts form non-native species, air pollution,
urbanization, and climate change

6. Evaluation of methods for incorporating climate change concerns in land use and
conservation planning.

PIER is currently funding a research program designed to estimate potential changes in
vegetation patterns in the state attributable to a changing climate.  This study is being
conducted with a state-of-the-science dynamic vegetation model (i.e., a model that
estimates changes in vegetation patterns as a function of time) called MC1, which
combines the MAPPS and CENTURY models (Neilson 2002). In addition, under PIER
funding, a group of researchers from the University of California at Berkeley are
developing plausible scenarios of urban development in the state.  Both studies are
being used to estimate the joint impact of climate change and urban development on a
particular ecosystem (coastal sage scrub).  This study represents a significant
improvement from previous studies but, as discussed below, it still did not address
some important issues.

Qu estio ns Th at PIE R-fun ded  A cti vit ies S hou ld  Try t o Add ress
As indicated in previous sections, it is now clear that land use changes and vegetation patterns
in particular may have a strong effect on regional climate and the hydrological cycle both at the
global and regional levels.  Of course, climate also affects vegetation patterns; therefore, they
form a complex interacting system. Changes in vegetation patterns and hydrology will, in turn,
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impact energy demand and the availability of hydropower.  For these reasons, PIER-supported
projects should be designed to address the following questions:

• What are the potential changes in vegetation patterns in California, and how would they
affect and be affected by the state’s climate and the hydrological cycle?

• How would urban development and climate change affect vegetation patterns in California?
Would urban areas impede the migration of species, and therefore be a dominant feature
determining vegetation patterns?

PIER Short-term Research Projects

The fol low ing is a list of  the proje cts se le cte d to add ress the  ab ove questi ons.  As wi th al l
the roadmaps, the se lected  proj ects represent a smal l univer se of the pote ntial  pr oj ects that
should be funde d to ful ly ad dre ss the pote ntial  impacts of  climate  change in the state. 

3.3.1. Enhancement and Application of Dynamic Vegetation Models (DVMs) for California

It will  not be possi ble  to asse ss the full  exte nt of  ecosy stem response s to global  climate 
change thr ough exper ime ntati on alone  (A be r et al.  2001) . To ex plore  ecosy stem response s
to multipl e global  changes, resear chers wi ll  al so ne ed to use ecosystem mode ls that uti lize
cr itical i nf ormati on fr om fi eld  ex pe riments. 

The PIE R-f unded  pr oj ect br ie fly  de scrib ed ab ove  gr eatly  enhance d our  under stand ing  of
pote nti al chang es in ve getation patterns in Cal ifornia (Le ni han et al. 2003) . For ex ample, 
the DVM that was use d (the  MC1) si mul ate d veg etati on succe ssi on at large  spatial  scal es
through ti me  while  esti mating vari ab ili ty in the car bon budg et and  responses to episodi c
events such as droug ht and  fire .  Al though these mod el simul ati ons should not b e vie wed 
as pred ictions of the future , they  give  important indicati ons about tre nds that may be
important in Calif or nia as the cli mate chang es.   F or  ex ample , the model  calculates that
ri si ng tempe rature s wil l cause a shi ft from conife r- dominate d fore st to mi xe d coni fe r and
ever gre en hardw ood  f ore sts i n northe rn Cal if ornia. 

Howe ver , the re are  stil l crucial dri ver s of ecosyste m dynami cs that are not ade quate ly
ad dr essed by  the D VMs. Four of the se  dr ive rs de ser ve  immed iate attention:

1. Land  use.  T he  ex isting mode ls do not add ress the  impact of curre nt land use , land use 
change,  land  cover  frag mentation, and the hi story of  land manag eme nt on ecosystem
dy namics. These  el ements are  cr iti cal for under stand ing  ecosystem structur e and 
function in a changi ng wor ld . It is necessar y to know the tr aje ctory  of  land  use change 
for the  mode l to produce a real istic ve getation ag e str uctur e. Futur e land  use wil l be a
function of both human popul ati on gr owth and  ve getation change.  In addi tion,  it wi ll 
be  important to unde rstand  the distr ibution of the  physical bar rie rs to species
mi gr ati on that may  be impose d by land use chang e.  T he rol e of mig ration cor rid ors
should also be investig ate d. 

2. Ag e struct ure of veg etatio n.   In the cur rent DVMs, spati all y var iab le ag e structure  of 
the veg etati on is si mul ate d by the  mode l. Al though ther e are  ef for ts under way to
compare  constructe d veg etati on age  structure  wi th ob ser ved  age str uctur e, it is
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unknown how wel l the  si mul ations replicate  obse rve d patterns. Because initial age
structure of  the veg etation is impor tant for  under stand ing  the traje ctory of  ecosy stem
structure,  it will  be advantage ous to the succe ss of  futur e mod el pr edi cti ons to
accurately  portray  obse rve d age  structure at the onset of the mode l run.

3. Di sp ersal rates an d mod es.   Di spe rsal rates and mode s of dif fe rent spe cie s are  not
conside red  i n the DVMs.  The mod els need  to incorporate the  vary ing  d ispersal  ab ili ti es
of  species in Cali forni a to ade quate ly assess the impact of a changi ng cli mate on
communi ty composition of Cal iforni a’ s ecosystems. Most lik el y, the  incl usi on of  such
information for  al l spe cie s would be  cost- pr ohi bitive, but it is essential  that the mod els
be  able  to incorporate inf ormation from a fe w key targe t spe cie s into the model  runs
wi th the g oal of und erstandi ng spe ci es- level  re sponses to futur e thr eats.

4. In vasiv e species. The  DVMs ar e not curre ntl y consid er ing  the impact of non- native,
invasive spe cie s. The intr od uction and spr ead of invasi ve speci es can cause disrupti on
in an ecosystem’s succe ssi onal traje ctory.  Non- native specie s pre- ad apted to
di sturb ance could easil y col oni ze al ter ed si tes be fore native specie s become 
establi she d.  Non-native  species can alter di sturbance regi me s so that furthe r
establi shment by native  species is highly unlik ely . For  ex ample , the  spread of Brom us
tect oru m, a non- native invasi ve grass to we stern shrublands, alters the fre quency of
fi re s, whi ch in turn suppr esses the establ ishme nt of  native shr ubs. Mechanisms
involvi ng invasive  species, the ref or e, have a tremendous potential  for alter ing 
ecosystem structur e.  Any progre ss made tow ar d incorporating spe cie s- spe cif ic
di spersal tr aits from acti vi ty 3 above wil l aid  this ef for t as wel l.  The impact of 
intr oduced  pest pathoge ns that cause  such di seases as Sudd en Oak Death shoul d also
be  conside re d f or incor por ation into the new  ge ner ation of  mode ls. 

Dy namic Ve getation Mode ls shoul d also be enhanced to consi de r the impact of other
stre ssors such as ai r poll ution.  These  DVMs or  re duced  form model s (i. e.,  simple
mode ls that mimic the behavi or of more compl ex mod el s) shoul d be use d with
re gi onal cli mate mod els to i nve sti gate the  i nte racti on betwe en cli mate and  vege tation.

This work shoul d be heavil y coordi nated  wi th fi eld  stud ies to incorporate ne w
fi nd ing s in the  formulation of dynamic veg etati on model s. The PIER prog ram may
al so consi de r provid ing  some  se ed funds for fie ld studi es wi th a hig h pote ntial  of 
de li ver ing  k ey insig hts for DVM impr ove ment .

Benefit s: DVMs that mode l interacti ons betw ee n a greater  numb er of cr iti cal  ecosystem
factors woul d impr ove unde rstanding of the  impacts of each factor and of the  inter re lated
sy stems. The se mod el s coul d  al so enabl e resear che rs to id entif y and  inter pr et ecological
tr ends mor e readily. 

3.4 Carbon Sequestration in Terrestrial Ecosystems and Geological Formations
Te rr estrial ecosyste ms off er  si gni fi cant potential  to captur e and store  carb on at modest
costs, provi ding net social benefi ts. Recognizi ng the importance of car bon sequestration in
comb ati ng gl obal cli mate change , the  Ky oto Protocol to the  United Nations Fr ame wor k
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Convention on Climate Change  (U NFCCC) establ ished the princi ple  that carbon
se questration can be  used by  parti ci pating  nati ons to meet thei r respective net emission
re ducti on targe ts for CO2 and  other  GHGs (U NF CCC 1997).  In Septemb er  2002, 
Cali for nia’s gover nor signed  into law Senate  Bi ll 812, whi ch re qui re s the Calif ornia
Cl imate  Acti on Reg istry  to allow the  re gistr ati on of  carbon red uctions produced  by  the
se questration of car bon in f ore ste d lands or  by  re forestation.

Ab out 31% of  Calif or nia is cove red  by fore st ecosy stems (H or wath et al.  2001), with much
of  this fore stl and  in fede ral, state , and ur ban park lands. Most Cali for nia fore sts can
pr ovide  ex celle nt long- ter m car bon stor age  in long -g row ing , woody speci es (i .e. , for 
thousands of  ye ars, bar ring natural disaster s).   Change s in manage me nt of ex isting 
fore ste d lands can incr ease the  amount of carbon per  unit of  ar ea,  and restoration of tree s
in riparian are as of fer  another  good  oppor tunity. However,  fore st loss appears to be 
gr ow ing  exponentiall y in Cal iforni a,  where  more  fore st land was lost be twe en 1982 and
1997 than during the  pr evi ous thir ty  ye ars (Best and  Wayburn 2001) . In fact,  the U.S.
Fore st Ser vice expects the  greatest loss in the  ne xt 50 ye ar s to come from the Pacif ic
Re gi on:  Cl ose to 20%  (12 mil lion acr es)  of  non- ind ustri al forest land is expected to be  lost
to d eve lopme nt in Calif ornia during thi s time ( ibi d. ).

The agr icultural sector  in the state  al so provi des exce lle nt oppor tunities for car bon
se questration. Thi s sector  r epr ese nts over  11% of Calif ornia’s land base.  Plant b iomass can
be  returne d to the  soil  in the for m of resid ue,  di ff ere nt cr ops or  vari eti es of  cr ops can be 
se le cte d to enhance residue producti on,  cove r crops can be  grow n spe cif icall y to produce
or ganic mate rial for  the soi l, and  buff er strips sur roundi ng ag ricul tur al fi eld s can be 
managed  for car bon sequestration.

Be cause  the lar ge major ity  of Cali forni a cropland has been in prod uction for  se ver al 
de cades, the  large  initial  rele ase  of carb on has alr ead y occurred and curr ent rele ases are 
now ver y l ow  (e sti mates rang e betw ee n 2.7 and 15 mil lion metric tons of  carb on annually )
(Gephar t et al.  1994; Lal et al . 1998).  Thus, simply  re ducing practi ces that le ad to carbon
losses would  incre ase carb on storage  in soil s. Cal if ornia’ s agr icultural soi ls show
ad di tional  promise  for seque str ati on, because many  are manag ed year round,  which
incr eases their  value and the e ffi cacy of using  them as a carbon sequestrati on tool. 

Bi oe ner gy—energ y der ive d from biomass—may be  pr oduce d from purpose -g row n crops
or  fore sts, from urb an car bon-b ase d residual s, or as a byproduct of for estry , sawmil ling,
and agr iculture .  Sustainabl e bioe ne rgy  ge ne ration results in substanti al ne t reduction of 
GH Gs be cause  the car bon re le ase d dur ing comb ustion is reab sorbe d dur ing  the nex t
gr ow ing  season.   B iomass can be  util ize d dir ectly for heat ener gy or  conve rted into gas or 
el ectri city for  ener gy producti on (e spe ciall y, small  modul ar  bi omass sy ste ms, size d from 5
kW to 5 MW). 10 Cal iforni a’ s biomass resour ce is much lar ge r than what is curr ently  be ing 
used . Total biomass in waste s and re sid ues exce ed 56 mi lli on bone dr y tons (BDT ) per 

                                                       
10 Biomass can also be used for fuels (ethanol and renewable diesel) for transportation purposes and in the
manufacture of chemicals.
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ye ar —te n times the  curr ent use to date (Spr ing ste en 2000) . Of  this,  16 mill ion BDT can be
conside red  avai lab le , with a much large r fracti on avail abl e if for est fuel s red uction
pr og rams and  energ y crops pr oducti on we re to be  de ve loped in Calif or nia (ibi d.) .
Bi oe ner gy may be also one of  the best opti ons avai lable  to comply wi th a state law  passed
in Septemb er  2002 re qui ring that 20%  of  the ele ctr icity  sold  by  el ectri c uti lities be from
re ne wab le sources of  energ y by 2017. 11

Ge ol ogi c sequestrati on is a for m of dir ect sequestration, where  CO2 is captur ed fr om large 
point sour ce s of anthropog enic emi ssions, tr anspor te d, and  inje cte d into und erg round 
formati ons. Some of the se under ground formations have structure , seals,  porosity, and
othe r geol og ic prope rti es that mak e the m ide al for  long -te rm storage  of  CO2. Ge ologic
formati ons are lik el y to be the  fi rst larg e-scale option to be consi der ed for CO2 storag e,
si nce d eve loper s of geolog ic storage  te chnol ogi es can draw  on the ex per ience  gaine d from
oi l,  gas, coal,  and water- re source  management (U SD OE 2002a). For exampl e, the 
pe tr ole um industry  is curr ently  inje cti ng 30 mi lli on tons of  CO2 per  ye ar into geologic
formati ons f or improving oil  re cover y (U SD OE 2002b ).

A study  of  geologi c sequestr ati on options for Cali forni a sug gests that oil  rese rvoir s, gas
fi el ds (in the near ter m),  and bri ne  formati ons (i n the  long  te rm)  present the most
pr omisi ng ge ologic rese rvoir s for carbon in the  state (B enson 2000). The sequestration of
carb on in Calif ornia oi l fie lds may be an especial ly  attractive  opti on if it is impl eme nte d
wi th enhance d oil re covery .

The roadmap of research on carb on se que str ation id entif ied  the fol lowing pri ori ty
re se arch are as: 

1. Impr ove  the und erstandi ng of  pr oce sses and  mechani sms involved in carbon
se questration i n ter restri al  ecosy stems and geolog ic formati ons in Cali for ni a

2. Id entif y and  assess the  te chnical fe asi bil ity and carbon impacts of car bon sequestration
pr actices in Calif or nia

3. Eval uate the  economi cs of imple menti ng car bon sequestration str ate gi es in Calif ornia
4. Eval uate the  envir onmental  and social impacts of implementing carb on se que stration

strateg ies i n Cali forni a

In addi tion,  the roadmap ide nti fie d the  ne ed  to de ve lop guid eli nes for the  desi gn, 
impl eme ntati on,  moni tor ing , evaluati on,  re porting,  veri fication, and  ce rti fi cation of carb on
se questration proj ects in the state and  the desirabi lity to coordi nate research pr oj ects with
the cre ati on of  the Cal ifornia Car bon Sequestration Networ k. 

The PIE R program and  CDF are  al ready  fundi ng  a research pr oj ect de si gne d to ide nti fy , i n
re latively  b road ter ms,  the opportuniti es for carb on se que stration i n e xisti ng for ested  ar eas
or  by refore station in mar gi nal  land s at the  state  leve l.  T he researchers are mak ing use of 
the extensive databases de ve loped by  CD F reg ard ing  the characte risti cs and  exte nt of 

                                                       
11 This law does not include large hydroelectric facilities in its definition of  “renewable” sources of energy.
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fore sts and other land types in the state.   Thi s project also incl ud es a measur eme nt
compone nt for two ty pes of  sequestration opportuni ti es (i. e. , fore stati on in margi nal
ag ri cul tur al  lands and lengthening  rotation in exi sting  commercial  fore sts) to be se lected 
by  PIER and CDF .  That par t of the  proj ect will  te st and demonstrate  the use  of  re mote
se nsing  instrumentation for ver ifi cation of car bon sequestration projects.  The researchers
wi ll  al so de vel op monitori ng  pr otocols for  the two type s of sequestr ati on oppor tunities
se le cte d b y PIE R and  CD F.

Tr ad iti onall y, the  electri ci ty- gener ati ng se ctor has be en one of the  fi rst targ ete d for 
mand ate d emi ssi on re ductions.  The  U.S.  Cong ress has al ready  consi de red  a re qui rement
to limi t CO2 emi ssi ons from this se ctor.   T hese proposal s also seem to sugg est that any
emission red uction require me nts woul d allow for  a fl exi ble  compliance mechanism, as
was done for  the Aci d Rain Prog ram (that is,  power  plants would  be  able  to reduce
emissions fr om other  sources in li eu of  more  ex pensi ve red uctions at their  own facil iti es) .
Ther efore,  it seems prudent to start catal og ing  any potentially  low- cost options that
Cali for nia electri ci ty ratepaye rs may use to ameli or ate  or  negate potential adverse
economi c impacts from pote ntial  re quire ments to re duce CO2 emi ssi ons from in- and  out- 
of -state pow er plants serving Cali forni a.

Qu estio ns Th at PIE R-fun ded  Activities S hou ld  Try to Add ress
The sel ection of spe cif ic pr ojects f or support from the  PI ER pr ogr am shoul d be desig ned  to
ad dr ess the fol low ing questi ons li sted bel ow :

• What  wo uld b e t he co sts asso cia ted w ith ca rb on seque str ation pr oje ct s in t he  st ate ?  Ho w
much ca rbo n would they be ab le to se que ste r?  What ar eas ar e the  be st  sites f or the se 
pr oj ect s?

• What  ar e t he  po tential soc ia l, eco no mic al, a nd envir onm ent al im pac ts assoc ia ted with the
mo st  pr omising car bo n sequestra tio n opt ions in the  stat e?

• What  wo uld b e t he ro le of bioenergy in any e ffo rts designe d to reduc e GHG em issions
fr om  in-st at e sour ce s?

PIER Short-term Research Projects

PI ER has decide d not to fund  basic rese arch projects on te rr estrial car bon sequestration,
be cause  these proj ects are  being funded  by  othe r age nci es and because the li mited PI ER
fund s woul d not be  able  to make  a di ffe rence . Instead, PIE R wil l fund appl ie d rese ar ch
pr oj ects to generate  the inf ormati on that is ne ede d to inf or m poli cy  imple me ntation or
formulation.   With respect to carb on se que stration in geol og ical for mations,  PI ER is
wi ll ing  to provide  seed  fund s to exe cute the  proje ct de scr ib ed in se cti on 3. 4.3, but most of 
the funds must come from other sources,  due to the  high costs that woul d be associ ated
wi th this pr oje ct. 



43

3.4.1. Development of Carbon Supply Curves for Forestry and Agricultural Soil
St rateg ies i n Cali fo rni a

Supply curves are graphs or tables showing the cost and amount associated with
different sequestration options.  The development of supply curves must include
analyses of the potential secondary benefits and drawbacks. For example, trees placed
in a riparian area between an agricultural area and a stream could help reduce the
amount of pollutants from runoff that enter the stream—an added benefit. Conversely,
some research has suggested that increasing carbon in soil can also increase the levels of
nitrous oxide—a disbenefit.

The development of supply curves for forestry strategies in California would enhance
the ongoing PIER/CDF project discussed above by adding more field measurement
studies and performing a detailed analysis for one or two California counties.  The
studies at the county level will allow a more refined analysis, generating more precise
cost estimates and more realistic carbon sequestration potential estimates.

In addition, PIER believes that there is a significant potential to sequester large amounts
of carbon in agricultural soils at reasonable costs and with great social benefits.
Significant field and analytical studies are being conducted outside California with
support from the federal government.  It is surprising that these large federally funded
studies are not supporting research in California, given the importance of California’s
agriculture.  The research on agricultural soil carbon sequestration will involve the
following steps:

1. A br oad  scal e stud y of the  opportuni tie s of car bon sequestration i n agr icultural soi ls in
the state

2. The sel ection of one  or  tw o counti es for d etail ed study 
3. De taile d f ie ld studi es of di ffe rent promising manage ment practi ces, as nee de d
4. An eval uation of exi sti ng model s of car bon and nitrogen budg ets and car bon

se questration (such as the  CENT URY mode l) using  the fie ld data col le cte d in the 
pr evious phase of the proj ect and model  impr ove ment wor k if the  mode l does not
pe rf orm sati sfactori ly

5. An esti mation of the  costs and car bon sequestration opportuniti es for the se lected 
county( ies) based on a val idate d mod el

Benefit s:  An economi c assessme nt of forestry  and agr icultural soi l car bon se questration
strateg ies woul d hel p deci si on mak er s priori tize those str ategi es,  and also hel p
ag ri cul tur al  and for estry speci ali sts who ar e involved in al locati ng  re sources among 
competi ng al ter natives.  This re search woul d also provid e an economic assessment of 
pr omisi ng forestry  and agr icultural soi l car bon se questration strate gie s. Even without
conside ring cli mate change  b ene fits,  this assessme nt shoul d be hel pf ul for  agri cul tural  and
fore str y spe cialists invol ve d i n all ocating resour ce s among competing alte rnati ves.

3.4.2. Economic Studies of Bioenergy Strategies in California
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The PIE R program and  other s are  fund ing  re se arch designed to de vel op or  impr ove 
te chnol ogi es that use rene wable  sour ces of  ener gy.   Und er this research pl an, PIEREA 
woul d comple ment thi s work  with anal yti cal  stud ies desi gne d to ide ntify  ob stacl es in the
deployment of these technologie s and  proposing solutions. The main goal is to develop
an adequate understanding of the private and social costs associated with the use of
bioenergy projects as a tool to reduce GHG emissions in California.

Some  of  the activi ti es that may  be  unde rtake n incl ud e: (1) coll ect and analy ze costs to
farmers and for ester s on ene rgy  cr op culti vation in Cal ifornia (incl udi ng colle cti on,
pr ocessing , and  di strib uti on costs that wi ll  be  ne ce ssary for larg e- scale bi omass
util ization) ; (2) conduct li fe- cycle  assessment of  bioe ner gy  strateg ies in Cali for ni a;12

(3)  study the economics of  bior efi ne rie s, to re duce the  costs of biomass col lection and 
tr ansport in Calif or nia; (4)  conduct a study  of  the economic fe asi bi lity of usi ng ur ban
carb on- based  re sid uals for  bioe ner gy  pr oduction; (5)  de vel op model s of broad -scale 
bi ob ase d products and bioe ne rgy  mark et devel opment, ide nti fy ing  the impacts of
di ff ere nt economic scenari os and the  most ef fective dri ver s and  ince nti ves within each
scenari o; and (6) de vel op model s of rur al de vel opment to suppor t production,  pr oce ssing ,
and uti lization of  b iomass.

Benefit s: Thi s proj ect will  help de ve lop a more compr ehe nsi ve  under stand ing  of the
fe asibi lity and  economi c factor s involved in bi oener gy use  in Cali forni a, as we ll as
pote nti al solutions for  over coming  b arr ier s to the  use of bi oenerg y in the  state.

3.4.3.  Carbon Sequestration in Geological Formations

PIEREA proposes to support research designed to address the major technical issues
associated with geologic storage in California.  Research topics include:

1. Moni tor ing  and ver if ication
2. Ri sk  assessment, human health and envir onmental  impact
3. Te ctoni c stabil ity 
4. Economi c analysis/vi abi lity of technologie s
5. Le ak age  asse ssment, petrol eum r ese rvoir  anal ogues
6. Pe rf ormance assessme nt
7. Eval uation of nove l technologie s

PI EREA wil l not fund  carbon separati on technologie s (se par ation of  carb on or  carbon
di ox ide  from other  comb ustion gase s pri or to injecti on)  be cause  othe r enti ti es,  incl udi ng
the programmati c PIE R areas,  are f unding those technologie s. 

PI EREA also proposes to support the development and demonstr ati on of  storage 
te chnol ogi es through fi eld  demonstrations.  These wil l be col lab orati ve eff or ts betwe en
re se arch groups and ind ustri al par tners. Candid ate  technol og y demonstrations include :
                                                       
12 This work will be coordinated with other lifecycle analyses identified in the PIER Environmental Area Research
Plan. Lifecycle assessments for other carbon sequestration strategies might be conducted.
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1)  E nhance d oil  re cover y, ei the r miscib le or  immisci ble , optimi zed  for CO2 storag e;
2)  E nhance d gas re cover y, optimize d for  CO2 storag e: 3)  Di sposal in dee p sali ne 
formati ons; and  4)  D isposal accompanying sub sid ence mitigati on. 

Pr ior to, and parall el to,  these technolog y demonstr ati ons will  be  a si te- se lection study to
rank  potenti al storage sites in Cali for nia.

A se cond par all el activity  will  ad dr ess CO2 source s and  storage  infrastructur es. Present
and potential future  CO2 source s nee d to be characte rized.  Compressi on,  pi pe line, and
inje cti on we ll inf rastr uctur e need s to be assessed .

Benefit s: The ide ntifi cation and quantifi cation of the  fe asibi lity,  economi cs,  and potential
of  vari ous strateg ie s for se que ste ri ng car bon in geolog ical for mations would  he lp de cision
make rs pri or iti ze options.  Impl eme ntati on of  this carbon sequestrati on option coul d result
in e nhance d recove ry  of  oi l and  gas from Cal iforni a oil /gas fie lds.

3.5 Inventory Methods and Supply Curves
In vento ry Metho ds
The uncertai nti es in GH G emi ssi ons inve ntori es are  relativel y high, and  that uncer tainty
may mak e it impossib le to tr ack  emissions tr end s accuratel y (Ry pdal and  Wi ni war ter 
2001). Car bon d iox id e emissi ons fr om the combustion of fossi l fuel s can be  e sti mated  wi th
suff ici ent accuracy and  pr ecisi on if  the ene rgy  fl ow s for the inve ntory  re gi on are  know n.
Howe ver , thi s is not the case for non-CO2 gases.   T he re are  signifi cant uncer tai nti es
associated  with most of  the emi ssi on estimates for  non- CO2 gases;  pr imari ly be cause the
complex  factors af fe cti ng non-CO2 emi ssi ons are not take n into account by the  re latively 
si mple methods adopted by the Inte rg ove rnmental  Pane l on Cli mate Change  (I PCC) and 
the U.S. Environme ntal Prote cti on Ag ency (USEPA ).  Rese arch nee ds to id entif y the
li mi tations of the se  inventory methods and  deve lop methods that account for the  complex 
factors that af fect non-CO2 e mi ssi ons.

Su pp ly Curves
Su pply curves have been used  in a numbe r of disci pli nes for many years as a way  to
gr aphicall y display,  in si mple ter ms, the cost and  avai lab il ity  of  a re source or other mar ke t
good . The suppl y cur ve par ad igm was adopte d to characte rize the  pote nti al costs and
be ne fits of ene rgy  conservation in the ear ly  1980s. The se early  conservati on suppl y cur ves
we re  intende d to graphi cal ly  il lustr ate  the amount of ener gy  savi ngs that coul d be
achi eve d thr oug h wid espread implementation of ener gy  conse rvati on me asures, as wel l
as the cost s of achieving those saving s.   I n thi s way,  conservation supply cur ve s were 
de si gne d to all ow di rect compar ison of the  costs of saving  a unit of  energ y with the  costs
of  prod uci ng  it.  Ge ner all y,  the ver tical ax is of the curve represents the  cost of  each
conservati on me asure  (usuall y i n d ol lar s per  unit of  energ y saved) , and  the hor izontal axi s
re pr ese nts the total  amount of ene rg y savi ng s avai lable .  Me asures are ord er ed on a
marg inal, le ast-cost basis as show n in Fig ur e 12 b el ow. 
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Fi gure 12.  E xample  Conservation Supply Cur ve 

Over  the l ast ten ye ars, the  energ y conser vation supply  curve framew ork  was adapte d and 
appl ied  to the cost and  be ne fit char acteri zation of var ious GHG mi ti gation strateg ie s.  In
these GHG mi tig ati on suppl y cur ves, costs ar e gene rally  ex pressed in dollars pe r ton-of -
carb on- equivale nt re duction and  pl otted  ag ai nst the total amount of car bon-e qui val ent
re ducti on that can b e achi eved by imple menti ng the  miti gation measur es. 

The accuracy  of  esti mated GH G emissi ons is obvi ously  one of the  most impor tant factors
in dete rmi ni ng the  technical  integ ri ty of the supply  curve s.  For exampl e, if  me thane 
emissions fr om landf ill s are  overe stimated , the  esti mated cost of contr ols (expresse d in
doll ars pe r ton) may gi ve a fal se impre ssi on that the control of those emi ssions may 
pr od uce  signifi cant environmental be nef its at a re latively  low cost,  or  at a ne t benefi t.  T he
de ve lopment of sound  GH G-r ed uction poli cie s are  li nk ed to hi gh- quali ty emi ssions d ata.

If  the Kyoto Pr otocol goes into ef fe ct,  a formal internati onal car bon mark et wi ll be 
de ve loped in the near future .  It is uncle ar , howe ve r, how  emission red uctions in
Cali for nia coul d be par t of thi s for mal  inte rnational mark et wi thout the ratifi cation of the 
Ky oto Protocol by the U.S.  gove rnment. A national marke t could be de vel ope d as par t of
the vol untar y prog rams bei ng  imple me nte d by var ious states (includ ing Cali forni a) and
by  the U.S. governme nt.   T he se progr ams al low companies to voluntari ly reg ister  thei r
GH G emi ssi ons reductions, so that they may  be consid ere d for  potenti al mandator y
emission red uction require me nts in the futur e.  The goal is to prote ct companie s that are
re ducing e mi ssi ons now by acknowle dg ing  their current l eve l of emissions r ed uctions and 
taki ng the m into account, shoul d a cap and  trad e (or  si mil ar ) prog ram be institute d in the 
future. 

An inte rnati onal or national  marke t for  GH Gs has the  potenti al drawb ack  of  funneli ng 
si gnifi cant resour ce s out of  Calif or nia to pay for  e mission red uctions occur ring outsid e the 
state. Sever al studi es sug ge st that it may  be more  economi cal to red uce  emissions in the
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former Sovie t Union or in de vel opi ng  countri es inste ad of imple menti ng “costly” local
emission red uctions in devel ope d countr ies. The se studi es,  howe ver , may  be  misl ead ing,
be cause  they  do not consid er  the potential  co-b ene fi ts of re ducing  local or national 
emissions.  Althoug h potentially  it coul d be less expensive for an individual  company  to
re duce emi ssions outsid e of the  United State s, such an action does not account for  the
indi rect costs and  bene fits that mak e up the  ne t social  cost for Cal iforni a and  its citize ns.
For exampl e,  reducing GHG emissions in Cal if ornia may also reduce conve nti onal air 
poll utant emissions and  re sult in substantial air quali ty be nef its.

As discussed  in subsection 3.4,  powe r plants in Cali for nia may at one point be requi red  to
of fset the ir  GH G emi ssi ons.  To re duce the  cost impact of imple menti ng the se  potenti al
re quire ments on el ectri city ratepaye rs,  it is nece ssary  to catalog  the state ’s avail abl e GHG
re ducti on oppor tunities, to ide nti fy  the most f easib le,  cost-ef fecti ve options. 

Qu estio ns th at PIE R-fun ded  Activities S hou ld  Try to Add ress

• What are the costs associated with reducing emission in other sectors of the
economy, in comparison to those of reducing emissions from the electricity
sector?

• What emission estimation methods should be improved to better characterize
emissions and emission reduction opportunities?

• What methodological features should be enhanced to improve the usefulness of
supply curves for policy analyses and for their consideration in macroeconomic
analyses?

PIER Short-term Research Projects

The following is a list of projects designed to address the questions listed above.

3.5.1. Energy Balances for California

Carbon dioxide emissions from the combustion of fossil fuels are one of the best-
quantified emissions.  State and federal agencies track the consumption of major fuels
such as natural gas, motor gasoline, and diesel fuel relatively well, and emissions can be
estimated from that data.  However, only federal agencies estimate the consumption of
minor fuel such as kerosene, petroleum coke, residual fuel oil, distillate fuel oil,
propane, still gas, and other fuels.  These “minor” fuels have been shown to be
extremely important in the determination of the CO2 emission trends in California
(California Energy Commission 2002).

Every year, the Energy Information Administration (EIA) publishes the State Energy
Data Report, which contains energy consumption data for every state in the Union.  All
state-level inventories of GHG emissions are mostly based on this publication.  The EIA
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data is extremely well documented and available in electronic form.  The EIA is the
repository of fuel sales data, which is provided by organizations engaged in the trade
and sale of fuels in compliance with federal law.  The EIA also maintains an excellent
database of fuel production, storage, and transactions for Petroleum Administration for
Defense districts (PADD) in the United States.  California is in PADD 5, along with
Alaska, Arizona, Hawaii, Nevada, Oregon, and Washington. The EIA uses the fuel sales
and PADD data to estimate fuel consumption at the state level, ensuring that all the
energy flows are accounted for and add up to the reported energy balance totals for
each PADD.  The end results are balanced energy flows for every PADD in the nation.
An energy flow balance at the PADD level, however, does not guarantee an energy
balance at the state level, and it could result in incorrect fuel consumption level data at
the state level.

Estimations of California emissions from crude oil refinement could be inaccurate, as
well. The amount of crude oil processed in California’s refineries decreased since 1990,
as shown in Figure 13.  Crude oil delivered to the refineries in 1999 was about 636,198
thousand barrels, which represents a 8.6% reduction from the 696,410 thousand barrels
processed by state refineries in 1990.  The amount of carbon dioxide associated with this
reduction is about 26 million metric tons. This amount is very significant, representing
about 7% of the CO2 emissions from fuel combustion in 1990.  Although California
refineries have increased their productivity since 1990 (Berman and Bui 2001), it is
unlikely that this productivity increase could fully explain the significant decrease in
the amount of crude oil processed by state refineries, particularly while they are
satisfying an increased demand for motor gasoline and other products.  Some increase
in the amount of imported refined products must have taken place.  A significant
amount of energy and CO2 emissions are associated with crude oil refining and,
therefore, the import of refined products may have also contributed to the estimated
trend of emissions for in-state sources.  Only a carefully designed energy balance study
for California can determine the role of imports into the estimate emission trends since
1990.

Annual energy consumption and CO2 emissions from the combustion of fossil fuels in
California respond to multiple factors, such as: weather conditions, availability of
hydropower, state of the economy, structural changes of the state economy, changes in
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Figure 13. Crude Oil Processed in California Refineries, 1990–2001

energy standards, and regulatory requirements. It has proven very difficult to
disentangle the reasons for observed changes in emissions, because there is a lack of
readily available disaggregated data that would allow the factors contributing to the
observed trends to be analyzed. The pioneering work that sought to understand
observed energy consumption trends in California was hampered by the lack of
adequate state energy balances (Schipper and McMahon 1995).

Since the restructuring of the electricity system in California, the distinction between
electric utilities and non-utilities no longer makes sense.  However, the energy
consumption data from non-utilities is not readily available and has not been
completely subjected to the same quality control procedures that utilities face, which
makes data comparisons difficult.  The energy balance for California will review the
existing fuel consumption data for power plants in the state, regardless of their prior
classification as utility or non-utility generators.

In summary, under this research area, PIEREA will fund the development of energy
balances for California at the highest possible level of spatial and temporal
disaggregation.  This work will help researchers improve energy consumption data for
California, associated CO2 emissions data, and the analyses of energy and emission
trends.  The data will be also used in the economic analyses described in subsection 3.6.

Benefit s: Accurate data would be available in a form that researchers can use to
improve estimates of energy consumption and CO2 emissions from the combustion of
fossil fuels in California, and more data would be available for economic analyses.

3.5.2. Research on New, Improved Methods to Estimate Non-CO2 Emissions

Some  re searcher s have atte mpted  to dete rmi ne  the level of uncer tai nty in the  ex isting
inve ntorie s by assig ning probab ili ty  to the range of  potenti al par amete rs af fecting
emissions.  In theory , this appr oach should  work , assumi ng that the  subj ective prob abili ty
di strib uti ons are cl ose  to real ity .  The mai n prob le m with this appr oach is that in some
case s, the  b asi c e quati ons or method s used  to e sti mate emi ssions do not incorporate all  the
parameters of importance to estimate  emissions (i. e. , the equations are  esse nti all y
incorre ct) .  For exampl e, the standard method used  to esti mate nitrous oxi de  emissions
fr om fe rti li zer  appl ications assumes that emissions are  di re ctl y propor tional to the  amount
of  fertili ze r appl ie d to the  land.   It would  follow,  then,  that one could estimate  reducti ons
in nitr ous oxid e by measur ing the re duction in the  amount of  fe rti li zer  appl ied  to the soi l. 
Howe ver , studie s have show n that signif icant re ducti ons in nitr ous oxid e e mi ssi ons can be
accompl ished  by  simply chang ing  the ti mi ng of the  fe rtili zer  appl icati on,  pr od uci ng more
pr onounced  results than those that woul d expected by  just looki ng at the red uction in the
amount of fe rti lizer  appli ed  to the soi l. I n this case , the  stand ar d method  would 
si gnifi cantl y unde re sti mate emi ssi on re ducti ons.
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Work  on this ar ea of  re search woul d start by : (1) study ing  the level  of  unce rtaintie s
associated  with the dif fer ent emissi ons sour ces, (2)  id entif ying potential  new sources not
be ing consid ere d in exi sti ng  inventorie s, and (3) pr ior iti zi ng whi ch me thods to stud y in
de tail with fie ld studi es and/or mod el development w ork.  An ex ample  of  a potential new 
sour ce of emissions not be ing consid ere d in the  ex isting inventory  is composting.  T he
curr ent assumption is that composting is an aer obi c process that doe s not re sul t in nitrous
ox id e and methane emissions.   I n practi ce,  howe ver , composti ng may  gene rate sub stantial 
amounts of  GHG emi ssions, be cause anaer obi c pockets inside  the composti ng pi le cre ate
id eal cond itions for  me thane  and nitrous oxi de gener ati on.  This di stinction is impor tant
be cause  composting  is an important state str ate gy be ing  used  to re duce the  volume of  the
waste prior to its b uri al in landf il ls. 

Benefit s: Standardi ze d method s to e stimate non-CO2 e mi ssi ons coul d b e develope d, based 
on more  comprehensive, Cal if ornia- focused data.   A ccurate estimate s are  ne ce ssary for the
de ve lopment of sound  emission r eduction opti ons.

3.5.3. Development of Supply Curves for California

Re se arch in thi s are a will  be heavil y coor di nated wi th the  inve ntory  me thods
de ve lopment wor k descri bed  above. In ad dition, a number  of  methodological and
macr oeconomi c i nte gr ati on issue s w il l b e studie d and  imple me nte d.

The roadmap on supply curves commissioned by PIEREA (Rufo 2002) identified a
number of ongoing and planned studies developing supply curves for California for the
electricity sector.  These supply curves mostly consider existing technology and have a
time horizon of about 20 years.  PIEREA will take these studies and advance the
science/art of supply curves by developing methods to extrapolate these relatively
short-term supply curves to much longer time horizons that take into account potential
technology changes.  This project will also advance the science/art by developing
curves that identify the adoption barriers of the different options included in the supply
curves and their effect on the actual performance of the different options.  This process
will include the consideration of non-energy costs and benefits that are traditionally not
quantified in the development of these curves. It is often difficult enough within the
scope of many studies to quantify direct costs and benefits of measures, much less
indirect ones.  Nonetheless, identification and quantification of indirect costs and
benefits is critical to improved modeling of adoption and would increase the credibility
of many studies.

The PIER program will also develop the information needed to include the options
identified in the supply curves studies in macroeconomic analyses.  The addition of this
information will allow for the simultaneous consideration of multiple factors that
cannot be considered in the preparation of supply curves.  For example, changes in
energy prices will change the attractiveness of the different options included in the
supply curves, but they can only be considered in a dynamic fashion through the use of
computable general equilibrium models, or at least partial equilibrium models.  These
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models simulate the entire economy or the part of the economy that is affected by the
action considered, and therefore can capture the interaction of the different options or
measures with the rest of the economy.

Benefit s: This work would develop dynamic supply curves that researchers can use to
estimate the long-term costs and benefits of GHG-mitigation measures, over a larger
portion of the economy, to make direct comparisons between competing options.

3.6 The Economics of Climate Change Mitigation and Adaptation in California
The pre vious se cti ons have  describ ed  how PIE R rese ar ch wil l improve our  know led ge of 
re gi onal cli mate change , potential  climate  impacts on Cali forni a’s ecosystems and water 
re sources,  and the  possibi li tie s for  bi ologi cal  and ter restr ial  carb on seque str ati on in
Cali for nia. Integr ating  and applyi ng  the r esults of thi s w or k to pol icy -maki ng is a pri mar y
goal  of  PIER-sponsor ed economic re se arch. Economic methods are the  primary  tool s for 
eval uating  the socioeconomic impli cations of  cl imate  chang e and  the costs and bene fi ts of
poli cy response s. Economics is also the  pr imary  di scipl inary  source of the or eti cal  and
computational tool s for  inte grating cli mate sci ence and  poli cy. 

Se ve ral  de cades of  rese arch on the  economi cs of  cl imate  change at the nati onal and 
inte rnational leve ls—as we ll  as re ce nt PIE R- suppor te d work  specifi c to
Cali for nia—provide  a found ation for new  PI ER-sponsor ed research on the economics of
cl imate  change in Calif ornia. This section summari ze s the speci fic topi c are as,  and ref lects
the nee d f or  PI ER re search to addr ess two br oad  cate gor ies of questi ons:

1. How can the state’ s pol icy -make rs bette r und erstand the  complex  and uncertai n nature 
of  pote nti al  cl imate  chang e impacts on the  state’s economy , how  should we ad dre ss
the economic ri sks they  entail,  and how  should pol icy acti ons be coordi nated  across
di ff ere nt se ctors of  the e conomy and  di ffe re nt reg ul atory ar eas?

2. How can Cali for nia desi gn and impl ement cost-ef fecti ve pol icies for GHG ab ateme nt, 
how wil l the se pol icies af fe ct that state’ s ene rgy  system,  and how  can we ensur e that
re ducing GHGs in Cal iforni a doe s not imped e the  state’s continued economic grow th
and vitali ty ?

More  pr eci se ly,  PI ER re search w ill  addr ess the fol lowing que sti ons:

Questions That PIER-funded Activities Should Try to Address
• How will the impacts of climate change and measures to abate GHGs affect the California

economy in the coming decades?
• What are the key economic risks for California from climate change, and what are the particular

risks from abrupt and/or extreme climate change?
• How will climate change affect the state’s integrated water/agricultural system, and what will

be the costs and benefits of policies to address potential impacts on this system?
• What are the costs and benefits of both price and non-price-based policies designed to increase

energy efficiency in the California economy?
• How will energy-saving technological change affect the costs of carbon-abatement policies in

California?
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• How should California design regional markets for emissions trading?
• How should GHG-abatement and air quality policies be integrated?
• What are the costs of abating non-CO2 GHGs?

PIER Short-term Research Projects

PI ER’s roadmapping  process has ide ntifi ed a ser ies of priori ty topics that woul d bui ld
upon and extend  both pr evi ous economic research and PIE R’s curr ent economi c resear ch
(w hi ch is summarized  in this se cti on). It must be emphasized  that these  topi cs do not
constitute  an exhaustive list of nee ded  re se arch on the  economi cs of  cl imate  chang e in
Cali for nia. Instead,  they have bee n single d out be cause  they  have a str ong  pote nti al  for
pr ovidi ng innovati ve  ad vance s that will  be  particularly  re le vant to the  state’s cl imate 
poli cy planning .

The spe cif ic re search topi cs re fle ct three  b road the mes:

1. Ri sk  an d Uncert ain ty . The re is a nee d to vie w cli mate change  in Cali for ni a as a
pr ob lem in the economics of risk and  uncer tainty, di rectly  conf ronti ng the  fact that we 
cannot pre ci sel y pre dict cli mate change , the  futur e evolution of the  state ’s economy , or
the exact de tai ls of  cl imate /economy  inter actions. 

2. Econ omi cs of En erg y. The re is a nee d to improve our know led ge of the economics of
ener gy,  particular ly  in re gard to the costs and  be ne fits of pol ici es that incre ase  ener gy
ef fi cie ncy .

3. In tegrated  Poli cy Makin g. The re is a nee d to car efull y inte gr ate  cl imate -re lated 
poli cie s with othe r economic and environme ntal pol icies, par ticularl y those involving
fi scal and  air quali ty issue s.

3.6.1 Integrated Modeling and Impact Analysis

The dominant tools i n economics-base d climate poli cy  analy si s are numer ical mod els of an
enti re (usually  nati onal or wor ld)  economy . The se computab le  ge ner al  equil ib rium (CGE)
mode ls repre sent the  de tai le d inte racti ons of supply  and demand  and the  de ci sions of 
households and fir ms, typi cally  over  long ti me scale s. In energ y and  cl imate  appli cations, 
they  ar e use d to estimate the costs of pri ce -based  poli cie s (carbon or ene rg y taxe s,  or 
tr ad abl e emi ssi ons permit sy ste ms)  to reduce  GH G emi ssi ons, as wel l as the  costs of
cl imate  change impacts. 

A fi rst step in PI ER re search will  be to adapt an ex isting  CGE mod el  of  Cali for nia to
esti mate the  potenti al impacts of cl imate chang e and  GH G mitigation pol ici es on the
over all  state economy. Thi s eff ort will  pr ovide  a be nchmar k for  further  work  and a first
asse ssment of the possi ble  aggr egate  economi c impacts of cli mate change  and GHG poli cy
on Cali for ni a. Thi s mod eli ng  wi ll be  based , in par t,  on the new  Cali for nia e ner gy balances
de scrib ed in Secti on 3. 5, which wi ll  ensur e that ene rgy  de mand flows in the state ar e
mode led  accurately . In add ition, the  state  CGE mod el ing  ef fort wil l provid e an ini ti al
inte grating framew or k that will  incorporate results of the  PIER re se arch on water and
ag ri cul tur e,  energ y demand , technological chang e, and othe r key  ar eas. For  example , thi s
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CGE mod eli ng  will be  ab le to apply  the resul ts of the PIER rese arch on costs of  fore st and 
soil  carbon sequestr ati on fr om Secti on 3.4 to the study  of  the costs and benefi ts of  carbon
ab ateme nt policies in Cali forni a. The CGE work wil l also analyze the  potenti al for 
Cali for nia to i mpl ement “r evenue r ecycl ing ”—that i s,  to use procee ds fr om me asures such
as auctioned  tr adabl e GHG emissions per mits to red uce taxe s on consumption or capi tal
inve stment, or other wise i mprove the  state ’s fi scal bal ances.

The PIE R plan for computational  mode ling ref lects a wel l-k nown limitati on of  the
standar d CGE  approach. Thi s type of mod el is ty pical ly deter ministic, w hich means that it
assumes that al l future  events—whe ther pur el y economic or invol ving cli mate change 
impacts—ar e per fectl y know n.  Al thoug h such an eval uation can pr ovi de  a use ful first
appr oxi mation i n many instances, thi s assumption is cle arl y proble matic for application to
cl imate  poli cy,  for a vari ety of r easons. Fi rst, on the  ti me  scale s involved  (d ecade s or mor e)
pe rf ect fore sig ht be comes implausi bl e, eve n in the  abse nce  of climate change . Second ,
ex act pred iction of reg ional  cl imate  chang e is bey ond scie ntifi c capabi lity and  li ke ly to
re main so;  instead , reg ional  cl imate  science  can provid e as an input range s of possi bil iti es
of  how global climate change  may impact Cali for nia. Thi rd,  it is wel l-e stabl ished that
esti mating  the economic costs of GHG ab ate me nt depends on assumpti ons regard ing 
future technological  pr ogr ess, par ti cul arl y rel ati ng  to ener gy eff iciency,  which is in tur n is
di ff icult or  impossi ble  to pred ict.

For the se re asons,  PIER wi ll  support the developme nt of  a ne w mode li ng frame wor k to
anal yze  the economics of cli mate change  in Cali for ni a that will  take  account of  ri sk  and
unce rtainty.  The appropriate  de sig n of thi s framew or k will  be the fi rst focus of resear ch, 
for thi s eff ort wi ll  take pl ace  at the cur re nt frontier s of mod eli ng . A pr imary  ai m of thi s
work  wi ll be  to de te rmi ne how to achieve a reasonabl e leve l of mod el  de tai l whi le
maintai ning computational tr actabi li ty.  Fr om a pol icy perspe cti ve,  the goal of thi s wor k
wi ll  be  to enab le policy-mak ers to dete rmi ne robust str ate gi es in response  to unce rtain
cl imate , economic,  and technological  chang e:  these  are dynamic pol icies that have a hig h
—b ut not cer tai n—l ik eli hood of succe ss acr oss a wi de  range  of possib le futur es. 

This de cision-anal ysis frame wor k w il l b e par ticularl y important for applyi ng  the r esults of
PI ER work on re gional climate change  to poli cy analy sis and implementation. Thi s wor k
wi ll  pr ovi de  a lar ge  range  of plausi ble  scenari os for the futur e evolution of the re gional 
cl imate , rather  than one or a smal l number  of “best gue sse s. ” A ri sk -and-uncertainty -
base d inte gr ate d mod eli ng approach is esse ntial  for pol icy -make rs to analy ze  the
economi c implicati ons of dif fer ent scenari os and to ide nti fy  the most effe ctive  ways to
manage the  r isk s the y e ntail .

Both the CGE  model ing and ne w deci si on- analy sis fr amework wi ll be used to integ rate
and apply fi ndi ngs from ne w PIE R resear ch on the sector -specifi c impacts of cli mate
change in Calif ornia. Previous wor k on cli mate impacts has documente d the potential
vulnerabil ities of  both natural  and economic sy ste ms on inte rnational, national , and 
re gi onal levels ex te nsi vel y.  Curre nt PI ER- funde d wor k on Cal iforni a- spe cif ic impacts is
asse ssi ng potential impacts and  costs associ ate d with specif ic sectors and  systems, as wel l
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as identif yi ng possi ble  ad aptation or miti gation measur es to ad dre ss these  impacts; the 
focus of thi s work  incl ude s agr iculture , water,  ecosystems, and  ti mb er.   T o extend  this
re se arch, PIER wil l focus on be tter und erstandi ng ke y r isk s and  uncertaintie s, and  d eve lop
mode ls that wil l enable  poli cy- mak er s to add ress the m effe ctive ly,  emphasi zi ng the 
foll owi ng topics.

Fi rst, almost all work to date on cl imate impacts—including PIE R’s curr ent work  on
Cali for nia—has bee n based on the assumption of gradual,  smooth cli mate chang e. The re  is
incr easing  recogni ti on and  concern among atmospher ic scienti sts, how eve r, that cli mate
change in the comi ng  ce ntury  may entail  ab rupt and /or extr eme shif ts, whethe r at the 
gl ob al or re gional  leve l. Fr om the  standpoint of economic analy sis, thi s dif fer ence is
cr itical: low-cost adaptation is lik ely  to be diff icult or  impossi bl e in the  case of  ab rupt or
ex tr eme  changes; the ref ore , the  economi c impacts wil l be lar ger . Accord ing ly , PIER will 
emphasi ze this type of potential cli mate change  in i ts economic re se arch.

Se cond,  standar d economic model s typically  assume optimal be havior  on the part of
households and fir ms, and do not represent instituti onal factor s such as pol icy  or 
re gulatory  constraints on economic deci sions. Like  the “pe rf ect fore sig ht” assumption
di scussed in the pre vious se cti on,  these assumptions pr ovi de  a use ful benchmark  in many 
appl ications, and dr amatical ly simpl ify  ce rtain te chnical aspects of  model ing. How ever, 
they  ar e proble matic in anal yzi ng criti cal  economi c aspects of cli mate chang e. Cal if ornia
se ctors and systems that may  be  most vulne rable  to climate  change—such as the
inte grated  wate r, energ y, and agri cultural  system—operate under  substantial institutional
constraints.  These  existing “re al- world ” factor s wil l play  a major  role  in the state ’s
formulation of pol icies to addr ess climate  change.  Simi lar ly , the de cision rule s actual ly
used  by  economi c age nts may deviate consid er abl y from the id eal  posi ted  in the stand ard 
economi c tre atment.

PI ER wi ll focus re se arch that addr esses these issues (i .e. , non-smooth cli mate chang e,
institutional factor s, and  real istic de cision rule s)  on Cali for nia’s water  and water -re lated 
se ctors.  In Calif or nia and nei ghb or ing  states,  a major  pathway  by  w hich i ncreased  climate 
vari abi lity and  change wil l aff ect the reg ion’s soci ety  and economy is thr ough the  impact
on stre amf low w ithin the r eg ion and on the  r egi on’ s develope d w ate r supply . Any  change
in the devel ope d water suppl y will  have  important conse que nces for  the all ocati on of 
wate r betw ee n agri cultural  wate r use rs,  ur ban wate r use rs,  hydr opowe r gene ration, and
in-stre am uses of water  for water- based  re cr eation and ecosy ste m ser vices.  Each of  these
stak eholde r groups may face increase d costs and /or  reduced  bene fits as the  result of  a
re ducti on in the r el iab ili ty  of  wate r avai labil ity .

The goal of thi s resear ch is to asse ss the  impacts on each sector fr om a change  in wate r
supply rel iabil ity. Researchers wi ll  de vel op a set of quanti tative  and expli citly pr obabil istic
me asure s of water suppl y rel iab ili ty  for the  various ag ricul tur al and urban use rs of  water 
at diff ere nt locations around the state , usi ng exi sting  cl imate  cond iti ons, and  base d on the 
actual exper ience of  the ope ration of the Calif ornia water  system over the  past 20–30 year s
(since the  earl y day s of the  State  Wate r Project).  Rese arche rs wil l the n use  these  measure s
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to deve lop sets of  marg inal benefi t functi ons, showi ng the  incr eme ntal benef it or losse s
associated  with changes in the rel iabil ity  of wate r supply  for agr icultural use rs,  urban
user s, and  hydr opowe r g ene ration at var ious Cal ifornia locations. This analy sis wi ll  utili ze 
the empiri cal measur es of suppl y rel iab ili ty  under  existing conditions for  agri cul tural  and
ur ban user s in dif fe rent par ts of the state,  which will  be  deri ved  from the hyd rol og ic
anal ysi s descri bed  above. A thi rd re search compone nt wi ll de vel op pr oje cti ons and
anal yse s of water use and el ectricity demand , taki ng  account of  location and  housi ng 
de nsity . PIE R rese ar ch wil l estimate  both the mone tary and  non- monetary  magnitudes of
these impacts, incor por ati ng  se ver al  me thodolog ical innovati ons that wi ll re fle ct the
re se arch pri ori tie s descri be d above:  ex pli ci t treatment of  the sur face water  suppl y system,
incl usi on of  re gul atory  and leg al constrai nts on the  ex isting process for water  al location,
and representation of the actual d ecisi on rules empl oye d i n Cal ifornia’ s w ater syste m.

Benefit s: Thi s effort would  provide  a be nchmark for  further  work  and a first assessme nt
of  the possi ble  aggr egate economic impacts of climate change  and GHG policy on
Cali for nia. The  state CGE model ing  effort would  pr ovide  an initial  i nte grati ng frame wor k
that would  incorporate resul ts of the PIEREA  re search on water and  agri cul ture,  ener gy
de mand,  te chnol ogi cal change , and other  ke y are as.  In addi ti on,  this re search woul d
pr ovide  impr ove d the ore tical  and empiri cal  tool s for  under stand ing  the potential impacts
of  climate  change on Calif or nia's integ rated  water /e ner gy/economic system,  as well  as
the costs and b ene fi ts of potential adaptati on and  miti gation measur es associated wi th thi s
sy stem.  Ul ti mately , thi s wor k woul d enable  poli cy- maker s to develop rob ust strateg ie s in
re sponse to uncertai n climate, economic, and  te chnol ogi cal  change. 

3.6.2  Energy Efficiency and Technological Change

Cali for nia’s energ y system will  be  a major  focus of car bon miti gation poli ci es,  whether 
unde rtaken dire ctl y by the  state or implemented  as part of  broader  nati onal or
inte rnational efforts. Thus,  estimating  the costs of  carbon abatement from a numbe r of
poli cie s dir ected at al ter ing ener gy  de mand patter ns—includi ng tradable  carb on
emissions pe rmi ts,  vehi cle  emissions li mits,  and end -use ene rgy -ef fi cie ncy 
standar ds—wi ll be a central challe ng e for Calif ornia’s pol icy-make rs. Although the 
pote nti al magni tud e of the se  costs has bee n the  ce ntral  focus of the  economi c aspe cts of
cl imate  change,  that di scussion re mains ex tr eme ly conte nti ous.

PI ER wi ll there for e sponsor resear ch to impr ove  poli cy- rel evant me thodolog ie s and he lp
re se archer s better  unde rstand how economic deci sion- mak ing  and the  char acter  of 
ex isting mar kets determine  the costs of  incr easing  ener gy ef ficiency  and/or abating
carb on emi ssions. These  ad vance s wil l in tur n provid e Cali forni a’s poli cy- maker s with
impr ove d tools for  impl eme nting  carb on mitig ati on policies. Thi s resear ch wi ll be
inte grated  with that on supply cur ve s (descr ibe d in Section 3.5.3) , to improve the 
theoretical and empi rical basis for the  supply cur ve  me thodolog y.

The fir st ar ea of re search focuses on the de gre e to whi ch energ y-e ff ici ent technol og y is
opti mal ly al locate d by mar ke ts in the abse nce of pol icy  inte rve nti on. The focus of  this
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de bate has b een the so- cal le d “ene rg y e ffi ci ency g ap”: the  putative und er- adoption of such
te chnol ogy  without gove rnment poli ci es to encourag e (or  compel)  it. (This is al so
commonl y ref err ed to as the “top-d ow n/b ottom-up” deb ate .) Te chnologi sts have 
consistently  ar gue d that the gap is both real and substantial; whe re as,  economi sts have 
strongl y que sti one d thi s claim on both the or eti cal  and empir ical g round s.

The per siste nce  of  this controversy has si gnifi cant pol icy  impl icati ons. Cal iforni a has a
substantial investme nt in—and inde ed  has bee n a le ad er in de ploying—pol ici es based  on
the “bottom- up” pe rspective,  such as appli ance ene rg y effi ci ency standards and uti li ty
de mand- sid e manage me nt.  Look ing  ahead, such pol ici es wi ll al most cer tai nly  form a
major component of  Cali for ni a’s carb on mitig ati on ef for ts.  Accordi ng  to standar d
economi c mod els, the  be nef its of the se pol icies cannot excee d thei r costs.   Thi s is a
quandar y d emand ing  care ful  atte nti on fr om economists and technolog y resear chers.

PI ER re search will  aim to under stand  the source s of thi s dispute both empi ri cal ly and
theoreticall y and to de vel op improve d empi ri cal ly based  economi c mod els of  ener gy- 
ef fi cie ncy  deci sion- mak ing . The  fi rst phase wil l examine car efully  the liter ature on the
“g ap,” to de ter mine the  robustness of find ings in this liter ature to sources and quality of
data, the sound ness of the  theoretical mod el s empl oy ed,  and the  role  of  assumptions
re gardi ng marke t str ucture . The  se cond phase  wi ll de vel op ne w mode ls of  consume rs’ 
and fir ms’  effi cie ncy-r elate d choi ce s, bui ld ing  on the insig hts and method s of behavior al
economi cs—a rapidl y developi ng fie ld  that integ rates theor etical economic me thods wi th
the insights of  cogniti ve psychology  and other social scie nces,  and ground s the ore ti cal 
mode ls fir ml y on d etail ed empir ical observation.

The second  rese arch are a is the  me asure ment and  mode ling of ene rgy -r elated 
te chnol ogi cal change . I t i s wel l-e stabl ished  in energy mod el ing  li te rature  that assumptions
re gardi ng te chnologi cal  change have a substanti al impact on mod ele d estimate s of the 
costs of red uci ng energ y demand  or  carb on emissions.   T rad itionall y,  energ y- economic
si mulation mode ls (such as the CGE  mode ls di scusse d in Secti on 3.6.1) have  repr ese nted
te chnol ogi cal change  as “autonomous” or  “e xogenous,” that is, infl ue nce d nei the r by the 
work ing s of the  mark et syste m nor by  policy actions on the  part of  g ove rnment.

In r ece nt ye ars, how eve r, economists have made sig ni ficant prog ress in und er standi ng  the
pr ocesses of  te chnol ogi cal  innovation and chang e in a mode rn economy , and in
de ve loping  theoretical and  empi rical  model s that represent these processes. A central
theme in thi s r ese ar ch is that technological  innovation and invention are econ omi c activi tie s
that re spond  to ince nti ves and mar ke t forces —that is, that the y are  endog enous to the
economy .  A rel ate d phe nomenon is known as “learni ng -by -doing,” the decline in the  cost
of  prod uci ng  a technology that resul ts from manufacturi ng ex per ience .

Both endog enous te chnol ogi cal change  and learni ng- by -doing  phenome na have re cently 
be gun to receive the  attenti on of the mode li ng community, and prel iminary re sul ts
strongl y ind icate that including either  phenome non in a CGE or other  si mul ation mode l
has sig nif icant ef fe cts on mode led  esti mates of  the costs of  re ducing ener gy  consumption



57

or  carb on emissions.  They ar e ther ef ore  important potential components of the economic
mode ling of Cal ifornia’ s economy and  its response to GH G-r ed uction poli cie s.  The PIE R
pr og ram wi ll  support re search on end oge nous technological chang e and  le arning-b y-
doing in ord er to be tte r und erstand the  si gnifi cance  of  these phenomena in Cali for ni a
industr ies, and  thei r impl icati ons for cli mate pol icy, and  to better  model  the ove rall state 
economy  in the conte xt of GH G abatement stud ies. Resear che rs wi ll fi rst de ve lop case 
stud ies on sele cte d state industri es to model and me asure le arning -b y-d oing and  its
re lation to other ke y parts of the  industr ial innovation process, such as the adopti on and 
di ff usi on of  ne w technolog y.  Se cond,  they wi ll study  ways of  incor porating  both
endogenous technol og ical change  and learni ng -by -doing in the  pr ogr am’s CGE  mode ling
(see  Se cti on 3.6.1) and  in the new  computati onal mod eli ng fr ame wor k that wil l be
de ve loped.  The wor k wil l focus both on technical i ssues involvi ng the nume ri cal  solutions
of  mode ls wi th the se  eleme nts, and  on appl ie d poli cy  studi es.

An important ar ea of re search relate d both to the energ y-e ff ici ency gap and to
te chnol ogi cal change  is the rapidl y increasi ng rol e of inf or mation technol og y (IT)  in the
Cali for nia e conomy . The re is an emer ging consensus that IT  may be shifting  the Ame ri can
economy  to a hi ghe r level of  ag gre gate producti vity.  At the micro le vel , IT is dramaticall y
changing the  natur e of many busine ss pr actices,  wi th potenti all y sig nif icant fi rm- le vel 
pr od uctivi ty  ef fects. The impli cations of the IT “re vol uti on” for energ y tre nds, how eve r,
re main to be  ex plore d for the most part. The  re lationship be twe en IT  and ene rgy  coul d
have  si gni ficant implicati ons, both for  the design of poli ci es to mi tig ate  GHG emi ssions
and for  the response  of  the lar ger  economy  to these pol ici es. This is true  not just for  the
nati onal economy, but also for Cal if ornia in parti cular , whe re IT pl ays a substantial and
incr easing  economi c rol e.  Curr ent leve ls of  fundi ng  do not all ow for a specifi c PIE R
re se arch project on IT and  ener gy.  Because  of the potential importance of this are a, 
howe ver , PIE R will  acti vel y see k co- funding to study  how IT may  af fe ct Cal if ornia’ s
ener gy syste m and its response to carbon abatement poli cie s.  This work would  ex ami ne 
the rel ati ons among economic gr owth,  IT  di ff usi on,  and ene rg y consumpti on in the
over all  state economy, as we ll as the detail ed economic char acteri stics of  IT-b ase d ene rgy 
management and contr ol technologie s in house hol ds and firms.  The results of thi s wor k
woul d b e i ncorporate d i n the  CGE and  further  ag gre gate mod el ing  sponsor ed by  PI ER. 

Benefit s: Thi s proj ect woul d hel p improve und erstandi ng of the role  of ener gy  ef ficie ncy 
in reducing GHG emissions by  quantif ying benefi ts and costs from the se measures and
ex pl ori ng the opti mal impl ementati on and use  of  ener gy eff iciency te chnologi es for  this
purpose .

3.6.3 Non-CO2 GHGs and Markets for Emissions Trading

Economi c mod ele rs have recently  call ed attention to the  importance  of inte gr ati ng CO2

wi th other  GHGs in devi sing mitigati on str ategi es.  Thei r findings include substantial cost
re ducti ons resulti ng  fr om a mul ti- gas (as opposed to a CO2-onl y) approach to reaching
GH G concentr ati on targe ts,  with li ttle dif fe rence in cl imate  or  ecosystem ef fects be twe en
the two.  At the same time , it is known that a numbe r of pol ici es to contr ol  CO2 emi ssi ons
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woul d also reduce emissions of other  pollutants, with important impl ications for reg ional
ai r quality.   More over,  these reductions would yie ld  he alth and  othe r bene fi ts on a much
shor ter  ti me scale than that applyi ng  to cl imate -change- mitig ati on ef fects of  CO2

re ducti ons. As a consequence , the costs of  CO2 mitigation actions are  li ke ly to be  re duced 
once  analy se s account f or these  “co- benefi ts” or “ancil lar y benefi ts.”

Such re sul ts de monstrate the  impor tance  of  inte grati ng car bon and non-carb on mi tig ation
me asure s both anal ytically  and in the formul ati on of  Calif or nia poli cy.  Gi ve n the State ’s
strong commi tme nt to maintai ning air  quali ty , as wel l as the  li kel ihood  of  broad cli mate-
re lated  miti gation e fforts in the coming d ecade s, PI ER wil l suppor t resear ch on deve loping 
a multi -GH G approach that fully  ex pl oits potential  syne rgi es and reaps ancil lar y benefi ts. 
Si multaneously,  PI ER wi ll fund research to impr ove  the methodol ogy  for constructing
marg inal cost or supply  curves for non- CO2 gre enhouse gases.  The aim here  wi ll  be  to
de ve lop a theor eti cal mode l that all ows for empiri cally  ve ri fiable  negative cost abatement
as well  as cost-re ducing technolog ical chang e. Thi s wor k wil l be integr ate d with that
de scrib ed in Secti on 3. 5.2.

Emissions tr adi ng has emer ge d in recent ye ar s as a f avored  instrument for re ducing  GHG
emissions,  specifi cally  as an alte rnati ve to di rect governme nt reg ul ati on of  emissions
through “command and  contr ol ” measur es.  An emissions tr adi ng  sy ste m impose s a cap
on the total  emissions of a pol lutant whil e provid ing ince ntive s for  ab ate me nt to be 
unde rtaken by whiche ver  emitter s can do so at the lowest cost, the re by minimizi ng the
ag gr egate cost of me eti ng the over al l emissi ons cap.   E missi ons tr ad ing  gained
conside rab le  curre ncy as a result of  its successful implementation in 1990 to reduce  SO2

emissions fr om ele ctric powe r gene rator s.  L ook ing  ahead, there  is a ve ry hi gh lik el ihood
that some form of emissions trading system—nati onal,  inter national , or both—wil l
eventually  b e put into place  to achi eve  GH G mitigati on tar ge ts. 

In the meantime , how eve r, small er- scale  tr ad ing  re gi mes ar e bei ng studi ed and in some
case s impl emented.  The PIE R program wil l sponsor a feasibi li ty study  for a Cali for ni a
intr astate  trad ing  mark et.  This stud y will  identif y and  ex amine  the appropri ate 
ge og raphical  and sector al scope , whi ch GHGs would be  include d, the  require d
institutional mechanisms, and r elate d e lements.   I t wil l also addr ess i mpl ementati on issue s
in the conte xt of emerg ing  (or by- then estab lished ) national  and i nternati onal pol icies. T he 
goal  wi ll be  to de te rmi ne the appr opriate el eme nts of a re gional trading mar ket, whe the r
impl eme nte d as a stand- alone  state  response to cli mate chang e or in response  to nati onal
or  i nte rnati onal agr eements. 

Benefit s: Mul ti- GHG r educti on strateg ies woul d expand  and spe ed air  qual ity  b ene fits,  at
a lower  over all  cost. Deve lopme nt of  a reg ional  GH G trading mar ket coul d also spee d
GH G- emi ssi ons r eduction.
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Executive Summary

Note: An asterisk (*) indicates a high probability that approximately equal funding will be available for each project
from other sources. The figure given is the California Energy Commission’s projected per-year expenditure over the
short-term period.



Roadmap Organization



Acronyms



1. Issue Statement

2. Public Interest Vision

3. Background

3.1 State of the Science



1 Orography is the branch of physical geography associated with mountains.



3.2  The PIER Focus

2 The variations of the variables such as temperature, pressure, wind, and moisture around the edges of a selected
region.
3 Prescribed relationships between the large-scale structure and behavior, as portrayed in a model, and that on
smaller, unresolved scales.



4. Current Research and Research Needs

4.1  Regional Model Intercomparison

4 A selected area in a global or large-scale model within which a higher-resolution model is imbedded.



4.2  Statistical Downscaling for Hydrologic Applications



4.3  Observational Database



5. Goals

5 Short-term refers to a 1–3 year time frame; mid-term to 3–10 years; and long-term to 10–20 years. The activities
specified in the roadmap are projected to begin sometime within the designated time frames, and the duration of
actual projects may be less than the entire term specified.



5.1  Short-term Objectives

•
•
•

•



•

Project Objective Projected Cost
($000 per year)*

1,800

5.2  Mid-term Objectives

A.

B.



C.

•
•

A.

•

A.

B.

•
•



5.3  Long-term Objectives

A.

B.

•
•

A.

B.

•

A.



•

5.4  Implementation



6. Leveraging R&D Investments

6.1  Methods of Leveraging

•

6.2  Opportunities

•

•

•



•

7. Areas Not Addressed by This Roadmap

•

•

•

•



8.  References









Appendix A

Current Status of Programs

•

•

•

•

6 Jinwon Kim recently moved to UCLA, where he will use a regional climate system model to study the impact of
climate change on hydrology and agriculture (J. Kim, personal comm.).
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Executive Summary



Note: An asterisk (*) indicates a high probability that the work can be leveraged with other ongoing efforts. The
figure given is the California Energy Commission’s total projected expenditure to complete each objective (over a
three-year period).



Roadmap Organization



Acronyms



1. Issue Statement

2. Public Interest Vision



3. Background

3.1 Water Resources in California





Average Year Drought Year
Water Use
     Urban   8.8   9.0
     Agricultural 33.8 34.5
     Environmental 36.9 21.2
     Total 79.5 64.7

Supplies
     Surface Water 65.1 43.5
     Groundwater 12.5 15.8
     Recycled and Desalted     .3     .3
     Total 77.9 59.6

Shortage  1.6   5.1
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3.2  The PIER Focus

4. Current Research and Research Needs



Major Task Subtasks
Monitoring • Weather changes

• Hydrologic changes
Water Supply • Modeling future precipitation

• Snow level and runoff changes
• Test operation of CVP-SWP system
• Impact on reservoir recreation
• Winter flood control space
• Groundwater recharge
• Offstream storage
• Changes in radiation
• Climate change in adjacent regions
• More understanding of hydrologic variability

Loss of Hydro at Foothill Reservoirs • Average conditions
• Long base period studies

Sea Level Rise • Catalog trends along coast
• Evaluate Golden Gate tide datum
• Effect on Delta levee stability
• Salinity intrusion
• Silt in the Delta
• Vulnerability of coastal Marshes
• Coastal aquifer salinity intrusion
• Grade line of sewers and storm drains
• Coastal erosion

More Intense Precipitation • Risk of bigger floods and rain events
• Revise depth-duration-frequency data
• Bigger probable maximum floods
• Erosion potential

Water Use • Changes in ET and crop water use
• Recent changes in ET
• Change in growing season
• Effect of changed ET on aquifer recharge
• Increased smog effect

Other Items • Water temperature
• Transition zone erosion
• Water weeds
• Wild fires
• Increased salinity
• Drinking water treatment

4.1 Monitoring



4.2 Water Supply











1 An ensemble forecast is a series of equally likely future inflows (for example 10 runoff scenarios) for given
conditions, reflecting the uncertainty of weather forecasts.
2 For more information, contact the comprehensive study staff.



2







4.3 Loss of Hydro at Foothill Reservoirs



4.4  Sea Level Rise





3 Potential contacts for work in this area would be Dr. Dennis Milbert, Chief Geodesist, National Geodetic Survey,
in Silver Spring, Maryland; Marti Ikehara, California State advisor in Sacramento (office located in Caltrans); and
Dr. Chris Zervas, with the National Oceanic and Atmospheric Administration (NOAA).

There were some interesting reports in 2001 about measuring small changes in ground movement in the Los
Angeles region with this kind of technology, including the effect of groundwater storage and extraction on land
surface elevations in Science News, August 25, 2001, and in Nature magazine and also the USGS earthquake Web
page.



5 Principal scientists are 



6 Mr. Randall Hanson would be a potential contact.



4.5  More Intense Precipitation Events





Source: DWR records.

7 DWR does not seem to have funding for this effort, although another funding entity could jumpstart the process
during the next two years. The estimated cost would be $250,000 for the first year and $150,000 the second year.





4.6  Water Use





4.7  Other Items for Research

8 A contact for this work is Russ Yaworsky in the Mid-Pacific Region office in Sacramento.







5.  Goals

9 A contact is Dr. Nigel Quinn.



5.1  Short-term Objectives

•

•

10 Short-term refers to a 1–3 year time frame; mid-term to 3–10 years; and long-term to 10–20 years. The activities
specified in the roadmap are projected to begin sometime within the designated time frames, and the duration of
actual projects may be less than the entire term specified.



•

•



•

•

11 Lesley Ewing is a contact.



•

•



•

•



Objective Projected Cost
($000)

   1500*

   500

   600

1,400

1,000

    100*

   200

   500

   300

   600*

   400*

   200*

Total Short-term Cost    7,300
Note: An asterisk (*) indicates a high probability that the work will be leveraged with other ongoing efforts. The
figure given is the California Energy Commission’s total projected expenditure to complete each objective (over a
three-year period).



5.2  Mid-term Objectives

5.3  Long-term Objectives



6.  Leveraging R&D Investments

6.1  Methods of Leveraging

•

•

•

6.2  Opportunities



•

•

•

•

•



•

•

•

•

•

•

•

•
•
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•
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•

•
•
•
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•
•
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7. Areas Not Addressed by This Roadmap

8. References





9. Relevant Technical Literature Consulted











10. Technical Persons Contacted

June 2001
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September 2001

October 2001
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3.6 Areas of Uncertainty



3.7  Interaction Between Climate, Native Species Movement, Land Use Patterns,
Fire, and Pest Outbreaks
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4. Current Research and Research Needs

4.1 Ecological Assessment and Monitoring Using Ecological Indicators







4.2 Develop a More Spatially Resolved Climate Modeling Approach



4.3 Development of Modeling Efforts to Map Future Climate with Species
Assemblages, Soil/Substrate Type, Dispersal Rates, and Migration Corridors for
More Informative Scenarios of Ecosystem and Species Impacts





4.4 Development of a Program to Better Understand Past Ecological Responses
to Climate Change



4.5 Understanding Multiple, Simultaneous Impacts



4.6 Interaction with Invasive Species



4.7 Development of a Program for Rapid Dissemination of Modeling Results to
Field Ecologists, to Be Used in Experimental Efforts

4.8 Incorporation of Climate Change in Land Use and Conservation Planning



5. Goals

5.1 Short-term Objectives

1 Short-term refers to a 1–3 year time frame; mid-term to 3–10 years; and long-term to 10–20 years. The activities
specified in the roadmap are projected to begin sometime within the designated time frames, and the duration of
actual projects may be less than the entire term specified.
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• http://gcte.org/

www.igbp.kva.se/cgi-bin/php/frameset.php

• The scientific objectives of GCTE are: (1) 

http://www.gcte.org/about.htm
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1. Issue Statement

2. Public Interest Vision

3. Background

3.1 Global Warming and the Need for Carbon Sequestration



1 1 GtC = 109 tons carbon.
2 The other sources of GHG emissions are methane, nitrous oxide, hydrofluorocarbons, perfluorocarbons, and sulfur
hexafluoride.
3 Carbon flux is the exchange of carbon between carbon aquatic and terrestrial pools and the atmosphere.



3.2 Carbon Sequestration Basics

•
•
•
•
•
•

4 The term sink is used to mean any process, activity, or mechanism that removes a greenhouse gas from the
atmosphere. Examples include: farmland, rangeland, and forests.



Habitat Type Private U.S. Forest
Service

Bureau of
Land Mgmt.

National
Park Service

Other
Public

Total

Conifer Forest 6,432 10,644 394 1,108 426 19,004
Conifer Woodland 458 1,051 482 220 151 2,363
Hardwood Woodland 4,292 310 239 36 309 5,188
Hardwood Forest 2,901 1,287 176 134 193 4,691
Shrub 5,433 5,673 2,261 319 878 14,565
Herbaceous (Rangeland) 9,621 233 496 43 526 10,919
Desert 4,298 200 10,253 4,678 4,119 23,548
Wetland 334 69 12 22 103 540
Agriculture 11,201 4 42 (< 500 acres) 174 11,421
Barren 229 918 203 680 254 2,283
Urban 4,606 17 29 8 250 4,909
Water 1,486
Total 49,805 20,406 14,587 7,247 7,384 100,915

3.2.1.1 Sequestration in Forests



•

•

•

•

•

•

•

•

•

•

•

•



3.2.1.2 Sequestration in Agriculture

5 MMTCE is used when counting multiple greenhouse gases. For example, methane is 23 times as potent a
greenhouse gas as CO2 and can be converted to a “CO2 equivalent” using this factor.



• •
• •
• •
• •
• •
• •
•

3.2.1.3 Sequestration in Soils

6 Conservation tillage refers to any tillage and planting system that maintains at least 30% of the oil covered by
residue after planting to reduce water erosion (Lal and Bruce 1999).



7 For example, one recent study showed a 36% increase in soil organic carbon over 12 years when conventional
agricultural practices were changed to cover crop/organically managed cropping practices (Horwath et al. 2001).



3.2.1.4 Bioenergy

8 Biomass can also be used for fuels (ethanol and renewable diesel) for transportation and in chemical manufacture.
These subject areas are not the focus of this roadmap.
9 The practice of cutting a tree or bush near the ground to promote the generation of more sprouts.



Current Use (BDT/yr)Source Gross Production
(MM BDT/yr) Fuel (1) Other (2)

Amount Available
(MM BDT/yr)

Lumber mill 5.5 1.75 3.25 0
Forest slash 4.5 0.25 0 2.5
Forest thinnings 3.8 0.25 0 1.4
Wood agricultural 2 0.75 0 1.4
Urban wood 3.2 1 0.5 0.7
Urban yard 3.9 0.2 0.5 1.2
Waste paper 13 0.2 4 2.5
Waste plastic 2.5 0.1 0.1 0.8
Field crops 4.5 0.1 0 2.8
Sewage sludge 0.7 0.1 0 0.6
Shells, pits, hulls 1 0.4 0.2 0.5
Livestock manure 12 0.1 0 2
Total 56.6 5.2 8.55 16.4
Notes:(1) Used in biomass and municipal waste combustion units.

(2) Uses include particle board, plywood, animal bedding, fertilizer, landscaping.



•

•

•

3.3 Co-benefits of Carbon Sequestration

10 CO2 is trapped as a gas or supercritical fluid under a low-permeability caprock, similar to the way that natural gas
is trapped in gas reservoirs or stored in aquifers.
11 CO2 dissolves into the fluid phase (e.g., petroleum).
12 CO2 reacts either directly or indirectly with the minerals and organic matter in the geologic formations to become
part of the solid mineral matrix (e.g., formation of calcium, magnesium, and iron carbonates).



Sources: Pew 2001, USDOE 1999, USDA 1998.

3.4 The PIER Focus

13 Through bioenergy projects.
14 Through changes in crop mix, fertilization, and tillage practices. However, it is possible that NOX could increase
without proper controls.
15 Trees in cities lower the albedo (i.e., reflectivity) of the urban surface and allow for evapotranspiration, thereby
resulting in cooler temperatures and less demand for air conditioning. In Modesto, researchers performed a benefit-
cost analysis of energy and CO2 reductions attributable to the city’s municipal urban forest (McPherson et al. 1999).
Results indicated that the benefits residents obtained from Modesto’s public trees exceeded the city’s management
costs by a factor of nearly two. This study concluded that Modesto’s urban trees provided tangible air quality, flood
control, energy conservation, aesthetic, and CO2-reduction benefits, and further predicted that the city could claim
credits for these benefits as CO2 trading markets develop.



4. Current Research and Research Needs



4.1 Improve the Understanding of Processes and Mechanisms of Carbon
Sequestration in California



•

•

•

•

16 Turnover time is the time required to convert organic carbon to inorganic forms such as CO2.



•

•



•

•

•

•

17 The distance that biomass must be transported from its point of sequestration to the point of generation is an
important cost element of the total system (USDOE 1997). Therefore, reducing that distance or the associated
transport costs would improve the economic prospects for all of the CO2 extraction/sequestration systems.
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•
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4.2 Identify and Assess the Technical Feasibility and Carbon Impacts of Carbon
Sequestration Strategies in California



•

•

•

•

•



•

•

•

•

•



•

•

•

•

•



•

•

•

•

•

4.3 Evaluate the Cost-Effectiveness of Carbon Sequestration Strategies

18 This work will be coordinated with other economic analyses as suggested in the chapter in the PIER Climate
Change Research Plan, “The Economics of Climate Change Mitigation and Adaptation in California.”



•

•

•



•

•

•

4.4. Evaluate the Environmental and Social Impacts of Carbon Sequestration
Projects in California

•

•



•

•

•

•

•



4.5 Develop Guidelines for the Design, Implementation, Monitoring, Evaluation,
Reporting, Verification, and Certification (DIMERVC) of Carbon Sequestration
Projects in California

19 The Kyoto Protocol makes provision for Annex I Parties to take into account afforestation, reforestation, and
deforestation and other agreed land use, land-use change, and forestry (LULUCF) activities in meeting their
commitments under Article 3 (IPCC 2000).
20 The Registry currently focuses on energy projects.
21 Chicago Climate Exchange (www.chicagoclimatex.com).





•

•

•

•

4.6 Develop the California Carbon Sequestration Network (CCSN)

22 In the U.S., historically, the risk of loss to inventory from natural risks is less than 1% over time (Wayburn et al.
2000).



5. Goals

5.1 Short-term Objectives

•

•

23 USDOE is proposing a similar, but more ambitious, network for geologic sequestration, called the Regional
Carbon Sequestration (RCS) network (USDOE 2002). For example, USDOE is proposing five RCS region-specific
demonstrations ($100 million for each demonstration, or approximately $500 million for the duration of the RCS
network (6 years). Each regional effort would be a cost-shared partnership between regional public and regional
industrial entities, with the expectation that they would become self-sustaining by the end of the tenth year. Another
research network that might provide assistance to the CCSN is the Tropical Forestry and Global Change Research
Network (F-7) (Sathaye et al. 2001). The main goal of the F-7 network is to estimate the (1) GHG emissions from
participating and neighboring countries, (2) potential for emissions avoidance and carbon sequestration, and
(3) monetary and other costs and benefits of forestry mitigation options. The network also is focused on assessing
project opportunities, including the issues of baselines, additionality, leakage, and monitoring and verification
(ibid.).
24 Short-term refers to a 1–3 year time frame; mid-term to 3–10 years; and long-term to 10–20 years. The activities
specified in the roadmap are projected to begin sometime within the designated time frames, and the duration of
actual projects may be less than the entire term specified.



25 Web-accessible databases are mentioned throughout this section. Research should explore the opportunity for a
integrated Web-accessible database containing multiple data elements (e.g., flux, soil carbon, land use, and others).



•



•

•
•

•
•

•





•
•

•

26 This work will be coordinated with other economic analyses, as suggested in the PIER Climate Change Research
Plan chapters, “The Economics of Climate Change Mitigation and Adaptation in California” and “Developing
Greenhouse Gas Mitigation Supply Curves for In-State Sources.”
27 As suggested in the PIER Climate Change Research Plan chapter, “Developing Greenhouse Gas Mitigation
Supply Curves for In-State Sources.”



28

•

•

28 This work will be coordinated with other life-cycle analyses identified in the PIER Environmental Area Research
Plan. Life-cycle assessments for other carbon sequestration strategies might be conducted.
29 This work will be coordinated with other economic analyses as suggested in the PIER Climate Change Research
Plan chapters, “The Economics of Climate Change Mitigation and Adaptation in California” and “Developing
Greenhouse Gas Mitigation Supply Curves for In-State Sources.”



•



•
•

30 This work will be coordinated with other economic analyses, as suggested in the PIER Climate Change Research
Plan chapters, “The Economics of Climate Change Mitigation and Adaptation in California” and “Developing
Greenhouse Gas Mitigation Supply Curves for In-State Sources.”





5.2 Mid-term and Long-term Objectives

•

•

•

•

6. Leveraging R&D Investments

6.1 Methods of Leveraging

•

•

6.2 Opportunities

7. Areas Not Addressed by This Roadmap

•

•

•



•

•

•

8. References

31 These roadmaps will include the following topics: (1) increased CO2 levels will promote vegetation growth, and
as a result, increase the amount of biomass sequestration; and (2) nitrate fertilization from NOX emissions and nitrate
deposition will promote plant growth.
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PIER GHG Mitigation Supply Curve Research Objectives

Note: An asterisk (*) indicates a high probability that the work will be leveraged with other ongoing efforts. The
figure given is the California Energy Commission’s projected expenditure to complete each short-term objective.
**Range depends on number of industry-specific studies conducted ($35,000–$75,000 per industry).
***Higher range includes funding for one or more studies to empirically estimate model parameters.
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1. Issue Statement
California lacks a full complement of supply curves that would enable State agencies and decision makers
to develop informed decisions about the cost-effectiveness of potential greenhouse gas (GHG) mitigation
measures.

2. Public Interest Vision

•
•
•

•
•

1 The potential impacts and costs of global warming on California are addressed through companion PIEREA
RD&D roadmaps.



•
•

3. Background
3.1 Supply Curves Basics2

2 This section describes conservation supply curves as they have been defined and implemented in numerous studies.
Readers should note that Stoft 1995 describes several technical errors in the definition and implementation of
conservation supply curves in the original and subsequent conservation supply curve studies.  Stoft concludes that
“conservation supply curves” are not “true” supply curves in the standard economic sense but can still be useful
(albeit with his recommended improvements) for their intended purpose (demonstration of cost-effective
conservation opportunities).
3 National Academy of Sciences (NAS 1991, Appendix C).
4 Rosenfeld provides an excellent and interesting historical summary of the “early days” of developing estimates of
energy-efficiency potential, beginning in the 1970s, in Rosenfeld 1999.
5 Sant is often credited with coining the terms “least cost energy services” and “cost of conserved energy.”
6 Supply curves have also been used by government agencies, including the California Air Resources Board, to
make decisions about the relative costs and benefits of reducing criteria pollutants.
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7 Note that costs are usually annualized (sometimes referred to as “levelized”) in supply curves.  For example,
energy conservation supply curves usually present “costs of conserved energy,” which relate energy savings
achieved by implementing a given efficiency measure, to that measure's “cost of conserved energy” (CCE).

The initial investment in an efficient technology or program is annualized by multiplying it by the “capital recovery
rate” (CRR).

,

where d is the real discount rate and n is the number of years over which the investment is written off (i.e.,
amortized).



8

Measure

Total End Use
Consumption

(GWh)

Applicable
Square
Footage
(000s)

Average
kWh/ft2

Savings
Percentage

(%)
GWh

Savings

Levelized
Cost

($/kWh
saved)

1. Federal Standards 500 100,000 5.0 15 75 0.01

2. T8 with Elec. Ballast 425 100,000 4.3 21 89 0.04

3. Occupancy Sensors 336 40,000 3.4 10 13 0.11

4. Perimeter Dimming 322 20,000 3.2 45 29 0.25

       With all measures 293  2.9 41 207  

8 The process of ordering measures becomes somewhat more complex when dealing with bundles or packages of
multiple measures that are combined (see Stoft 1995).



3.2 The Many “Potentials”



Decreasing Economic Feasibility
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9 Economic potential has been defined differently in different studies.  For example, in the traditional IRP
framework, economic potential was often defined based on the marginal cost of building and running new power
plants.  In California, the Total Resource Cost (TRC) test was often used as part of this determination.  The TRC test
is a form of societal benefit cost test commonly used to compare a utility’s resource alternatives.  In general terms
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Naturally Occurring

Program

Economic

Technical

Maximum Achievable

for energy-efficiency measures, the TRC was calculated as the ratio of the present value of energy and capacity costs
that would be avoided as a result of implementation of the efficiency measure, divided by the present value of utility
and participant costs incurred to achieve the avoided cost savings.  Other studies, including the recent Report of
Working Group III of the Intergovernmental Panel on Climate Change (IPCC 2001), estimate economic potential
from the consumer’s perspective, that is, based on the direct consumer costs and benefits.



10 See, for example, ECOFYS 2001.
11 In the CEF study, the BAU forecast assumed a continuation of current energy policies and a steady pace of
technological progress. In contrast, the Moderate and Advanced scenarios were defined by policies that were
consistent with increasing levels of public commitment and political resolve to solving the nation’s energy-related
challenges.  Some of the public policies and programs that define the scenarios cut across sectors; others were
designed individually for each sector (buildings, industry, transportation, and electric generators) and assessed for
impacts out to 2020. Numerous policies were examined, including fiscal incentives, voluntary programs,
regulations, and research and development.
12 Often, the studies that exclude programmatic costs from estimates of “economic” potential do so because the
authors argue that programmatic costs vary by programmatic strategy and, thus, are best captured when estimating
achievable potential.





3.3 Scope of This Roadmap

•
•
•
•

•
•
•
•
•
•

3.4 General Supply Curve Methodological and Data Limitation Issues



13 For example, some critics argue that a key underlying premise of the bottom-up approach, that there are extensive
market barriers and failures that limit the adoption of energy-efficiency measures to levels below what is optimal for
society, is false.  They view many of the barriers identified in conservation supply curve studies as “benign
characteristics of well-functioning markets” that do not meet the threshold definition of “market failures”
(Sutherland 2000).





14 Although as demonstrated by the evolution of variable-speed drive controls, the efficiency and cost-reduction
potential of traditional industrial era equipment can also be strongly affected by information technology, almost
always in ways that are difficult to predict.



•

•

•

15 For example, it has been argued in several studies that utility and government policies to promote electronic
ballasts has resulted in a significant positive feedback loop in which production was increased, costs decreased due
to production economies, and further increases in production and market penetration resulted (see, for example,
XENERGY 1998b and Duke and Kammen 1999).
16 This roadmap does not include such models in scope; however, we reference this issue to illustrate that some of
the limitations of supply curve studies are tied to the limits of the larger models into which they feed.  See the
companion PIEREA roadmap on economic issues authored by Alan Sanstad for more issues related to
macroeconomic and GCC models.



3.5 Why This Research Is Needed

3.6 The PIER Focus



4. Current Research and Research Needs

4.1 CO2: Buildings



•

•

•

•

•

•

•

•

•

17 It is safe to say that no other state approaches California in the breadth and depth of efficiency-related buildings
research.



•

•

•

•

•

•

•

•

•

•



•

•

4.2 CO2: Industry

18 There is, however, a new study of the remaining energy-efficiency potential in existing commercial buildings in
progress (XENERGY 2002).



Electricity Natural Gas

Sector GWh % of Total Mth % of Total

Residential 75,388 31% 5,521 38%

Commercial 87,093 36% 2,103 15%

Industrial 51,996 21% 6,341 44%

Agricultural 14,661 6% 0%

Other 15,270 6% 379 3%

Total 244,408 100% 14,344 100%

19

19 Note, however, that energy processes can vary significantly within two-digit SIC groups as well.
20 The LBNL team has also conducted a baseline study of energy use in the chemicals sector (Martin et al. 2000a).
21 See DOE’s Office of Industrial Technologies steam studies at www.oit.doe.gov/bestpractices/steam/.
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4.3 CO2: Transportation

•

•

•

•



•

•

•

22 AB 2076 (Chapter 936, Statutes of 2000).
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4.4 CO2: Electricity Production



•

•

•

•

•

•

•



23 For example, in 1977, EPRI first published its syndicated Technical Assessment Guide (TAGTM), a series of
reports developed by EPRI to provide a consistent basis for evaluating the economic feasibility of research and
development alternatives for electricity production and delivery technologies.  Various updates to the TAG series
were conducted in the 1980s and early 1990s.  The U.S. DOE and EPRI 1997 Renewables study discussed above is
a related part of this series, in that previous TAGs were used as sources and the results were subsequently used to
prepare EPRI’s first TAG focused exclusively on renewable energy sources (EPRI 2001).  EPRI 2001 is a
proprietary study that was not available for review.  The summary on EPRI’s Web site states that the renewable
TAG will be updated annually.  For its part, the U.S. DOE has been conducting Renewable Energy Technology
Characterizations (TCs) since 1989, the first of which was used for the 1991 National Energy Strategy.



•
•
•
•
•
•
•
•





4.5 Methane: Waste and Agriculture

•

24 In addition, the Energy Commission has current information it has received in the form of actual bid amounts for
prospective renewable projects in California. (See www.energy.ca.gov/renewables/new_renewables_table.html.
Note, however, that the amounts shown are Energy Commission incentive awards, not bid amounts).
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•

•
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4.6 Nitrous Oxide and High Global-Warming-Potential Gases



•

•

•

•

•

•



Type of option Management Option

1. Crop management (a) change in fertiliser application rates
(b) precision farming
(c) crop selection (i.e. with different nitrogen requirements)
(d) breeding nitrogen fixing crops
(e) breeding crops to improve nitrogen use efficiency (e.g., lower requirements,
more efficient uptake)
(f) cultivation of unmanaged land (i.e. histosols)
(g) irrigation management
(h) soil pH management
(i) crop residue burning
(j) reduce soil compaction

2. Fertiliser
 efficiency

(a) nitrification inhibitors;
(b) release rates (e.g. slow or timed release, coatings to limit or retard

management water solubility);
(c) improved fertiliser placement and timing (e.g. band placement, foliar
applications).

3. Manure management (a) storage times and conditions (e.g., slurry treatment to change viscosity);
(b) application placement (e.g. slurry injection)
(c) application timing;
(d) application amounts (e.g. controlled rate systems);
(e) export of manure  (from the agricultural system).

4. Reducing the amount
of manure nitrogen

(a) dietary manipulation;
(b) breeding nitrogen efficient livestock;
(c) livestock selection (e.g. livestock types, herd sizes).



•
•
•
•







 

•

•

•

4.7 Crosscutting



25 26

 27

25 The Commission developed a bottom-up energy-efficiency model that includes a program penetration module,
CALRAM, in the mid-1990s; however, the model has not been updated or run in several years and may not meet the
requirements discussed in this roadmap.
26 Rodgers 1995, Diffusion of Innovations, provides a comprehensive review and analysis of several diffusion-of-
innovation models.  One of the broadest attempts to specify such a model for the purpose of modeling energy-
efficiency programs is provided in Chapter 7 of RER 2000a, A Framework for Planning and Assessing Publicly
Funded Energy Efficiency.
27 Note that the PIER Buildings area is also considering research on a Technology Impact Assessment Framework
that would include specifications, and perhaps research, on adoption curves.  PIER efforts in this area should be
coordinated.



5. Goals



5.1 Short-term Objectives28

•

•

28 Short-term refers to a 1–3 year time frame; mid-term to 3–10 years; and long-term to 10–20 years. The activities
specified in the roadmap are projected to begin sometime within the designated time frames, and the duration of
actual projects may be less than the entire term specified.



•

•

•



•

•

•
•

•



•

•
•

29

•

29 Such information was compiled in the past in the Energy Commission’s Technology Status Reports, published
over several years in the 1980s and early 1990s.  The fourth edition, and last to date, was published in 1997 (CEC
1997).



•

•
•

Note: We do not recommend attempting to develop a marginal abatement curve for entermic
fermentation in California at this time.



•

•
•

•

•
•
•
•



•

•

•



Objective Projected Cost ($000)
50–100*

100–200*

50–100

100–300**

200–500

100–300

100–400*

100–300

25–100

25–100

25–100

25–50

100–500***

50–100

Total Short-term Cost 1,050–3,150



5.2 Mid-term Objectives

B. .

C.

D.

E.



F.

H.

5.3 Long-term Objectives

6. Leveraging R&D Investments
6.1 Methods of Leveraging

•
−

−

−
−



−

•

6.2 Opportunities

• 30

•

•

•

•

30 Much of the research funded by California’s public benefits charge has a fairly rapid turnaround time between
project specification and completion (typically 6 months to 2 years).  As a result, direct co-funding may be
complicated by differences in timing and objectives.  Nonetheless, tremendous opportunities exist for PIEREA to
build upon and leverage the data and results developed in these studies for the purpose of advancing the state of
supply curve-related research.



7. Areas Not Addressed by This Roadmap

8. References





















Appendix A

Current Status of Programs

•

• www.arb.ca.gov/research/research.htm
•

www.energy.ca.gov/fuels/petroleum_dependence/documents/
• ARB’s 

ftp://ftp.arb.gov/carbis/research/apr/plan/ltplan/Spla0701.dpf
• . (See

www.arb.ca.gov/msprog/ccbg/ccbg.htm)
•

www.arb.ca.gov/research/apr/plan/fy01-02/plan.pdf

•
www.cowmb.ca/gov/ www.calepa.gov/



•

,
www.epa.gov/globalwarming/publications/emissions/index.html.

•

•

http://eetd.lbl.gov/ea/IEUA/IEUA.html.

•

www.nrel.gov/publications/newpubs.html.

•

http://europa.eu.int/comm/environment/enveco/climate_change/sectoral_objectives.htm.

• ,
www.ipcc.ch/
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Executive Summary





Note: An asterisk (*) indicates a high probability that the work will be leveraged with other ongoing efforts. The
figure given is the California Energy Commission’s projected per-year expenditure over the short-term period.



Roadmap Organization



Acronyms

1. Issue Statement



2. Public Interest Vision

3. Background





3.1 Computational and Decision-Analysis Tools for Integrated Risk Assessment



1 Theoretically, the general equilibrium paradigm—originated primarily by Arrow and Debreu in the 1950s—can be
extended to incorporate uncertainty. Implementing this extension in practice, however, confronts substantial hurdles,
some of which are noted in the succeeding discussion.



2 This discussion draws in part upon Kann and Weyant (2000).







3 A similar point applies to the treatment of intergenerational equity and distributional issues. Because of the long
timescales involved in climate policy analysis, assumptions regarding the rights and interests of future generations
are unavoidable and have a substantial influence on the conclusions. The representation of these issues in the
standard framework has been intensively critiqued (e.g., Howarth and Norgaard 1992; Howarth 2000).



3.2 Climate Change Impact Mitigation and Adaptation







3.3 The Determinants of Energy Demand and Energy-related Technological
Change

4 It will not be the exclusive focus of such policies, because biological carbon sequestration may also play a
significant role in California.



5 A recent effort to integrate “top-down” and “bottom-up” findings at the national level is described in Krause et al.
(2002); this work also discusses the exclusive reliance by the U. S. government on ‘top-down’ analysis in assessing
the Kyoto Protocol.
6 In the early to mid-1990s, there was some initial movement toward constructive engagement—at least on the terms
of debate, stimulated in part by the widely cited paper by Sutherland (1991). These issues were a focal point of the
Stanford University Energy Modeling Forum (EMF) study (EMF 13) on “Markets for Energy Efficiency” (REF).
The October 1994 special issue of the journal Energy Policy, which arose from the EMF meetings, presented a
variety of viewpoints on the “gap,” from both economists and technologists (Huntington et al. 1994). Unfortunately,
this potential opening for more productive interactions among the parties to the “top-down/bottom-up” debate has
for the most part remained unexploited.



7 The evidence for the “gap” has been frequently criticized for being “engineering” in character and failing to take
account of economic fundamentals. However, much of this evidence was in fact the product of research by
econometricians applying discrete choice methods, and is rather consistent across a range of studies.



—
—

8 It is important to note that this discussion pertains to technological invention by the private sector, as opposed to
R&D undertaken directly by the government.



9 The same pattern is observed in the California energy-to-gross state product ratio (author’s calculations).



3.4 Integrated GHG Mitigation Policies and Crosscutting Issues

10 Other approaches here refers in particular to “grandfathering” of permits, in which case there are no revenues to
recycle, and to so-called “lump-sum” rebating of revenues, which has no effect on existing tax distortions.
11 One important, indeed central, focus in the revenue recycling literature has been the so-called “strong double
dividend hypothesis”: whether use of emissions revenues to offset preexisting distortionary taxes would, per se,
yield net economic gains even without the accompanying environmental benefits. In other words, would revenue
recycling “pay for itself” as a fiscal, as opposed to environmental, policy? Following early optimism on this point,
the expert opinion converged on a rejection of the strong double dividend hypothesis (e.g., Bovenberg and DeMooij
1994). Recent work, however, is lending new credence to the hypothesis (Parry and Bento 2000).







3.5 The PIER Focus

4. Current Research and Research Needs



4.1 Computational Modeling and Decision Analysis

4.2 Impacts and Adaptation Analysis



4.3 Behavioral Economics and Energy-Efficiency Investment

12 Although this is a subscription service, an overview of the EVRI can be accessed at:
http://www.evri.ec.gc.ca/evri/english/tour.htm.



4.4 Characteristics of Energy-related Technological Change

4.5 Information Technology (IT) and Energy Trends



4.6 Revenue Recycling

4.7 Integrating Air Quality and Multi-gas GHG Abatement Strategies

13 “Workshop on Assessing the Ancillary Benefits and Costs of Greenhouse Gas Mitigation Strategies,” OECD
Environment, Washington, D.C., 27–29 March 2000.



4.8 Regional GHG Trading Markets

4.9 GHG Abatement Cost Modeling for Non-CO2 GHGs



5. Goals

5.1 Short-term Objectives14

•

14 Short-term refers to a 1–3 year time frame; mid-term to 3–10 years; and long-term to 10–20 years. The activities
specified in the roadmap are projected to begin sometime within the designated time frames, and the duration of
actual projects may be less than the entire term specified.



•

•

•

•

•



•

•

•



•

•

•



Objective Projected Cost
($000 per year)

   500

   300

   300

   300

   150

   100

200

150

150

Total Short-term Cost per Year    2,100
Note: An asterisk (*) indicates a high probability that the work will be leveraged with other ongoing efforts. The
figure given is the California Energy Commission’s projected per-year expenditure over the short-term period.



5.2 Mid-term Objectives





5.3 Long-term Objectives





6. Leveraging R&D Investments

6.1 Methods of Leveraging

6.2 Opportunities

7. Areas Not Addressed by This Roadmap



8. References















Appendix A

Current Status of Programs

15 ETSAP is a permanent program of the OECD International Energy Agency (IEA).
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Abiotic: Not living.

Acre-foot: An amount of water that covers an acre (43,560 ft2) to a depth of one foot. An acre-foot is
equal to 325,851 gallons, which is considered to be a year’s supply for two families.

Additionality: A requirement (in the Kyoto Protocol) that a carbon sequestration project must be
“additional to any that would otherwise occur” for it to be counted as carbon mitigation.

Afforestation: Planting trees in areas where trees have been absent in recent times.

Agroforestry: Planting and managing trees in conjunction with agricultural crops.

Albedo: The fraction of light that is reflected by an object.

Anaerobic Digester: A technology that processes manure and traps the methane produced by its
decomposition for use as a fuel to produce electricity.

Aquifer: A water-bearing stratum of permeable rock, sand, or gravel.

Autotrophic: Being able to synthesize food from inorganic substances (e.g., from light or chemical
energy).

Behavioral Economics: A discipline that links economics with psychology and other behavioral sciences in
the study of decision making.

Biomass: Vegetative or animal wastes that can be used for energy generation.

Biome: A major ecological community type, such as a grassland or desert.

Biopower: Energy produced from biomass.

Bioregion: A geographic area that shares common soil, watershed, climate, vegetation, and animals.

Biotic: Related to living things.

Business-as Usual (BAU): Maintaining the status quo. Analyses that employ BAU scenarios assume that
the factors examined will remain as they are at the time of the assessment.

CAFE Standards: Corporate Average Fuel Economy (CAFE) standards. Originally established by the
Energy Policy and Conservation Act of 1975, these standards set a target fuel efficiency for automobiles.

Cap and Trade: A type of emissions-reduction policy wherein the quantity of a pollutant’s emissions
allowable in a certain region from regulated sources is limited, or “capped” at a quantity that is less than
the historic amount for that region, in an effort to reduce emissions. Companies responsible for those
emissions are given “allowances” to emit a certain quantity of that pollutant. Entities that emit less than
their allotted quantity may trade them with those that emit more than their allotted share.
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Carbon-based Residuals: Carbon-based residues such as wood and paper that are sent to landfills, but
could be used as a biopower fuel source.

Carbon Dioxide (CO2): A byproduct of the burning of fossil fuels and biomass. Carbon dioxide is a
greenhouse gas that contributes to global warming.

Carbon Flux: The exchange of carbon between the Earth’s water and land and the atmosphere.

Carbon Inventory: The amount of carbon emissions (releases) and sinks (captures) for a given area
and/or ecosystem.

Carbon Monoxide (CO): Carbon monoxide is produced when hydrocarbon-based fuels are not burned
completely. It inhibits the ability of blood to carry oxygen and is regulated as a criteria pollutant.

Carbon Sequestration: A method of keeping carbon emissions from reaching the atmosphere by
capturing, isolating, and diverting them to secure storage, and/or to remove CO2 from the atmosphere by
various means and store it.

Carbon Sink: A terrestrial or aquatic repository for atmospheric carbon.

Chlorofluorocarbons: Otherwise known as CFCs, this family of chemical compounds are mostly used
as refrigerants and industrial cleansers. When they rise into the stratosphere, they can break down the
ozone layer, which protects the Earth from harmful radiation.

Clathrate: A compound found deep in oceans that contains methane. Destabilization of these clathrates
could release great amounts of methane (a greenhouse gas) into the atmosphere.

Combined Heat and Power: A technology for generating power (usually electricity) and heat together,
which uses the heat in industrial processes or for building heating. Sometimes referred to as cogeneration.

Command and Control: A type of regulatory emissions policy that details specific methods for reducing
emissions, sometimes including the type of technology that must be used.

Computable General Equilibrium Paradigm: A common economic model that does not take account
of uncertainty. This paradigm assumes perfect knowledge of the present and future values of all included
variables and parameters.

Conservation Tillage: Soil tillage practices such as minimum tillage, mulch tillage, ridge tillage, and no-
till, which reduce erosion and soil loss and help retain carbon in the soil.

Contingent Valuation: A set of methods for estimating consumer preferences for goods or services in
markets that do not yet exist.

Coppicing: The practice of cutting a tree or bush near the ground to promote the generation of more
sprouts.

Criteria Pollutants: Air pollutants chosen for inclusion in the Clean Air Act Amendments and regulated
under National Ambient Air Quality Standards (NAAQS). They include: sulfur dioxide (SO2), nitrogen
dioxide (NO2), Volatile Organic Compounds (VOCs), particulate matter (PM), carbon monoxide (CO),
and lead (Pb).
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Depth-duration-frequency Data: Data on the amount, duration, and frequency of precipitation in an
area. These data are used for water planning.

Deterministic: Modeling or analysis that assumes perfect knowledge of the present and future values of
all included variables and parameters.

Distributed Generation: Electricity generation at or near the place it is used. DG technologies can
include such diverse technologies as microturbines, photovoltaic modules, or fuel cells.

Disturbance Regime: The dynamics of disturbances (such as fires) in an area over a long period of time.

Domain: In modeling, the area which is being modeled.

Downscaling: Applying data gathered and/or aggregated at a large scale to a smaller-scale assessment,
such as to examine the effects on a single air basin.

Dynamical Model: There are two meanings of dynamical (or dynamic) in the context of economic
modeling: (1) A dynamic model represents the economy over a period of years or decades. The paths of
variables such as prices and quantities are represented as they change over time, in contrast to a static
model that represents a market or an economy only at one point in time. (2) In another context, dynamic
model also refers to a type of model that incorporates taxation and fiscal policy into its analysis. In this
context, the term dynamic means that both direct and indirect effects of taxes are represented in a model.
For example, the government-levied tax will result in a certain quantity of revenue being raised (the direct
effect). However, it will also (in general) result in indirect changes in consumers’ and firms’ choices
regarding consumption, employment, and investment.

Ecological Indicator: A key attribute of an ecosystem that is used to gauge the health of the whole
ecosystem.

Econometric: A type of economic analysis that applies economic theory and statistical methods to
develop mathematical estimates of economic relationships. Econometric analyses are used to determine
the accuracy of modeled data, when compared to observed data.

Ecosystem: A group of organisms that interact with each other and their physical environment.

El Niño-Southern Oscillation: El Niño is a warming of the surface layers in the eastern and central
equatorial Pacific Ocean that happens about once every three or four years. This warming is accompanied
by swings in the Southern Oscillation (SO), an interannual see-saw in tropical sea level pressure between
the eastern and western hemispheres. The combination of these effects can create extreme disruptions of
normal weather patterns.

Emissions trading: A market-based method of reducing emissions. It allows entities that reduce
emissions in one source below a specified amount to use or trade that excess amount to offset emissions
from another source. Emissions trading is recognized by the Kyoto Protocol.

Endogenous Technological Change: Technological change brought about by changes in prices or policy
variables.

Energy-to-GDP Ratio: A measure of energy intensity—essentially, the amount of energy needed to
produce products.
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ETo: Reference evapotranspiration. A measure of the amount of water evaporated and transpired by well-
maintained, well-watered turf grass. This amount is measured weekly in California at various California
Irrigation Management Information System (CIMIS) facilities throughout the state.

Evapotranspiration: Water loss from a combination of evaporation from the soil and transpiration from
vegetation.

Expected Utility Maximization: The standard economic model of rational behavior.

Feebate: In emissions terminology, a fee levied on polluters to create a pool that will fund rebates to
those that pollute less.

Fluvial: Relating to or living in a stream or river.

Frozen Efficiency Forecast: An analysis that looks at energy use over time with the assumption that
energy efficiency will not change from its current status.

Gasification: The process of producing a gaseous fuel from a non-gaseous substance.

Generation Mix: A set of technologies used to generate electricity.

Geographic Information Systems (GIS): A computer system capable of assembling, storing,
manipulating, and displaying geographically referenced information, i.e. data identified according to their
locations. Practitioners also regard the total GIS as including operating personnel and the data that go into
the system.1

Global Climate Model/General Circulation Model: A global, three-dimensional computer model of the
climate system which can be used to simulate human-induced climate change. GCMs are highly complex
and they represent the effects of such factors as reflective and absorptive properties of atmospheric water
vapor, greenhouse gas concentrations, clouds, annual and daily solar heating, ocean temperatures and ice
boundaries. The most recent GCMs include global representations of the atmosphere, oceans, and land
surface.2

Global Positioning System: A system that can determine a precise location on the Earth, based on
satellite data.

Global Warming Potential: An index that describes the radiative characteristics of greenhouse gases. It
presents the combined effect of: (1) the time that these gases remain in the atmosphere, and (2) their
relative effectiveness in absorbing outgoing infrared radiation (which increases global warming).3

Greenhouse Gases: Gases that contribute to the greenhouse effect (which causes global warming). The
primary GHGs are: water vapor (H2O), carbon dioxide (CO2), nitrous oxide (N2O), methane (CH4), ozone
(O3), sulfur hexafluoride (SF6), hydrofluorocarbons (HFCs), and perfluorocarbons (PFCs)

1 USGS. (www.usgs.gov/research/gis/title.html).
2 USEPA. Inventory of GHG Emissions and Sinks 1990–1999. Annex W. Glossary.
(www.epa.gov/globalwarming/publications/emissions/us2001/annex-w.pdf).
3 Adapted from Climate Change 2001. Synthesis Report. Edited by Robert Watson and the Core Writing Team.
Contribution of Working Groups I, II, and III to the Third Assessment Report of the Intergovernmental Panel on
Climate Change. Annex B. Glossary of Terms. (www.ipcc.ch/pub/gloss.htm).



2/03 DRAFT

5

Gross State Product: The market value of all the goods and services produced in a state in a year, which
acts as a measure of the state’s economic activity.

Herbivory: Consumption of living plant material.

Hydrofluorocarbons (HFCs): Greenhouse gases produced for use as a refrigerant or in manufacturing.

Hydrograph: A graph showing the variation of water flow over time.

Hydrological: Having to do with the study of water on the Earth and its atmosphere.

Hyperbolic Discounting: Discount rates that increase as the time horizon grows shorter.

Integrated Assessment Model: IA models model the causes and effects of a specific issue and how that
issue affects and is affected by other factors.

Integrated Resource Planning: A public planning process and framework within which the costs and
benefits of both demand- and supply-side resources are evaluated to develop the least-total-cost mix of
utility resource options. In many states, IRP includes a means for considering environmental damages
caused by electricity supply/transmission and identifying cost-effective energy efficiency and renewable
energy alternatives.4

International Terrestrial Reference Frame: An set of reference points on the Earth that are used to
measure, in coordination with a Celestial Reference Frame in space, changes on the Earth’s surface, such
as sea level rise.

Invasive Species: Non-native species that can threaten species, ecosystems, or habitats.

Knightian Uncertainty: Also known as deep uncertainty. A type of uncertainty in economic analysis
wherein values of fundamental quantities are not merely unknown, but also cannot plausibly be assigned
probability distributions.

Leakage: In carbon sequestration scenarios, the loss of overall sequestration benefits attributable to
displacement. Leakage occurs if success in protecting or increasing carbon in one location hastens the
release of carbon elsewhere.

Life-cycle Assessment: An analytical method of identifying, quantifying, and assessing the
environmental aspects of a product, process, or activity throughout its life.

Loss Aversion: The asymmetric weighting of gains and losses with respect to a neutral reference point.

Lysimeter: A device that measures water percolation through soil.

Macroeconomics: The study of the national economy as a whole.

4 California Energy Commission. Energy Glossary. (http://www.energy.ca.gov/glossary/).
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Marginal Abatement Curve (MAC): An MAC shows the marginal cost of reducing an emission as
compared with the marginal amount of reduction obtained. The MAC is derived by rank ordering
individual emission reduction opportunities by cost per emission reduction amount. The curve is usually
intended to capture the full set of all available abatement options. Any point along a MAC represents the
marginal cost of abating an additional amount of an emission.5

Methane (CH4): A hydrocarbon and greenhouse gas that is produced from a variety of natural and human
sources, most notably from the decomposition of organic matter.

Microclimate: An area that has a different environmental conditions than those within its surrounding
climatic zone.

Microeconomics: The study of the components of the national economy.

Mitigation: To alleviate the harmful effects of something. In terms of climate change, to enact policies or
conduct projects to reduce greenhouse gas emissions.

Monetization: To establish something as legal tender.

Net Metering: A method of tracking electricity use and generation through the same meter. Used for
small distributed generation technologies such as photovoltaic modules on homes, the meter runs
forwards when users are drawing electricity from the grid and backwards when the unit is contributing
electricity to the grid.

Nitrogen Oxides (NOX): Various oxides of nitrogen, most notably nitrogen dioxide (NO2), which is
produced by fossil fuel combustion and contributes to smog, acid rain, and eutrophication of water bodies.

Nitrous Oxide (N2O): A greenhouse gas produced by certain agricultural practices and fossil fuel
combustion.

Orography: The study of the physical geometry of mountains and mountain ranges.

Ozone (O3): A form of oxygen that acts as a greenhouse gas in the troposphere (the lowest layer of the
Earth’s atmosphere) and as protective shield from harmful ultraviolet-B radiation in the stratosphere.

Pacific Decadal Oscillation: An El Niño-like pattern of Pacific climate variability that can persist for 20
to 30 years.

Paleoclimatic Data: Data that indicates climatic conditions in the geological past.

Paleontological Data: Data from past geological periods.

Particulate Matter (PM): Airborne particles or droplets from emissions that can be inhaled and lodged
in the lungs. PM is regulated as a criteria pollutant.

Pathogen: The causative agent of a disease.

5 Adapted from Environmental Protection Agency (EPA). 2001. U.S. High GWP Gas Emissions 1990-2010:
Inventories, Projections, and Opportunities for Reductions. EPA 000-F-97-000. Washington, D.C. U.S.
Environmental Protection Agency.
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Perfluorocarbons (PFCs): Greenhouse gases produced as refrigerants or as byproducts of industrial
processes.

Permanence: For carbon sequestration, whether or not the carbon stored at the time of a trading
agreement will continue to be stored in the future.

Photochemical Model: A computer model used to predict ambient air quality.

Probable Maximum Flood: The largest flood believed to be meteorologically possible in a region.

Radiative Forcing: The change in the balance between radiation coming into the atmosphere and the
radiation going out.6

Regional Climate Model: A computer model capable of modeling potential climate changes in a small,
focused region.

Renewable Energy Production Tax Credit: A tax credit given to renewable energy producers for
generating power with specified renewable technologies. The RETC is used as an economic incentive for
power producers to generate electricity from cleaner sources.

Renewable Portfolio Standard: A rule that establishes the percentage amount of renewable energy that a
state must use by a certain date. California’s RPS requires all electricity retailers to increase their use of
wind, geothermal, biomass, and solar technologies by 1% per year until they reach 20% (by 2017).

Roadmap: A document that outlines a series of specific steps or activities necessary to reach a goal.

Regional Climate Model: A computer program capable of modeling potential regional climate, given a
specific set of data and criteria.

Revenue Recycling: The return of revenues from programs such as carbon taxes and tradable emissions
permit systems back into the economy, to offset other distortionary taxes.

Soil Organic Carbon: Also known as humus. Partially decomposed plant or animal matter that makes up
the organic part of the soil.

Standard Industrial Classification: A four-digit code that identifies a company’s type of business.

Statistical Model: A model that uses statistics obtained from observed data. Also known as an empirical
model.

Stochastic: Something characterized by chance, probability, or randomness.

Substrate: A surface on which an organism lives.

Sulfur Hexafluoride (SF6): A potent greenhouse gas that is used as an industrial insulator and coolant.

6 UNEP. Introduction to Climate Change. http://www.grida.no/climate/vital/04.htm
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Sulfur Oxides (SOX): Various oxides of sulfur—most notably, sulfur dioxide (SO2), which is produced
by burning high-sulfur fossil fuels such as coal. SO2 can cause acid rain and respiratory problems. When
oxidized into sulfate aerosols, it can cause negative radiative forcing, cooling the Earth’s surface.

Supply Curve: A method for graphically displaying the cost and availability of a resource or other market
good.

Thermohaline Circulation: The global circulation of oceanic water temperature and salinity. A
disruption of this circulation (which could occur as a result of global warming) could affect climate and
oceanic ecosystems worldwide.

Tons of Carbon Equivalent (TCE): A measure for global warming potential gases. TCE indicates the
potency of a greenhouse gas, when compared to that of carbon (which is used as a baseline measurement,
with a value of “1”).

Total Maximum Daily Load (TMDL): TMDLs are the maximum daily amount of a pollutant that can
be released into a specified water body. TMDLs were established by the Clean Water Act and apply to
water bodies that have been identified as needing remediation.

Transition Zone (Water): A geographic area where the characteristics of a region gradually blend into
those of an adjoining region.

Trophic: Related to food relationship of organisms in a food chain.

UV-B Radiation: Ultraviolet radiation that is normally blocked from the Earth by the ozone layer. UV-B
radiation contributes to skin cancer and various environmental impacts.

Variabilization Policy: A policy of charging a surcharge on a product or service based on the amount of
that product or service used. For example, annual payments of a gasoline tax would cost more for the
driver of an inefficient vehicle than they would for the driver of a more efficient vehicle, because the
vehicle would need more gas.

Volatile Organic Compounds (VOCs): Organic compounds that evaporate readily into the atmosphere
at normal temperatures. VOCs contribute significantly to photochemical smog production and certain
health problems.7 They are regulated as a criteria pollutant.

Watershed: The land area that drains to a local water body.

7 USEPA. Inventory of GHG Emissions and Sinks 1990–1999. Annex W. Glossary.
(www.epa.gov/globalwarming/publications/emissions/us2001/annex-w.pdf).




